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Preface 


Under the 10+2 pattern of education, syllabus in chemistry for the +2 stage 
was prepared by a team of experts m order to make the course relevant and meaning¬ 
ful in our situation This+2stage chemistry course can be (considered as a bridge course 
between the secondary level of general education and college course of higher level 
ol academic proficiency and also professional courses At the end of this +2 stage 
course, students will be eligible to choose any suitable professional or academic career 
of then choice. Therefore, it was really a very difficult task for curriculum designers 
and book writers to design the course and write the book in a way to suit the needs 
of various types of diversified courses after the+2 stage. However, the positive 
effort in this direction has been made and we have already prepared Part I of the 
textbook intended to provide a two-semester course of one academic year for Class 
XI students 

The present Part II of the textbook meant for Class XII students has been pre¬ 
pared in conformity with the approach we have adopted in this direction for Class 
XI This book ncludes Units which are either extension of the Units given in Part I, 
e.g, Moic about atoms, More about molecules, More about states of matter, etc, 
or Units dealing with new concepts of higher degree of sophistication suiting the 
intellectual capacity of the students of this age-group. Similar to Part I of the text 
book, in Part II also an effort has been made to present chemistry as a unified subject. 
As such (here is no traditional classification of the subject as inorganic, organic and 
physical chemical principles developed in the beginning (in the first few Units in 
Part 1 as well as in Part II) are used throughout the textbook. We have preseme 
the Units m a particular sequence considering an appropriate teaching-learning 
sequence. Teachers have freedom to choose the sequence of their own while teaching 
the material. However, in an unified or integrated study of the subject the degree of 
freedom is less than that in a non-.ntegrated (like physical, inorganic and organic) 
study since necessarily most of the conceptual framework must be studied first. It 
is understood that Units given in Part I and II of this textbook should provide a good 
introduction of the varied facets of chemistry. 



VIII 


There are 21 Units in this Part 11 of the textbook. These Units are further 
divided into Sections and Sub-sections for easy references. As we know* these Units 
arc mainly meant for academic stream but some of the Units could possibly serve as 
bridge Units for an easy switch-over from the academic to vocational stream and 
some of the Units may be useful for vocational stream also 


We have not attached much importance Uv the formal mathematical develop¬ 
ments of ideas but have tried to develop a feeling for the way in which variables under 
discussion are related. Similar to Part I SI Units are widely used and most of the 
physical constants are expressed in terms of mole or mole as a reference Wc have 
already included appendices on SI Units, physical constants and conyersiou factors 
in Part 1 A logarithm table is given at the end of this book Exercises at the end 
of each Unit are intended to assist the students to-reinforce their understanding. 


At first sight, it will appear that the text has somewhat more subject-matter than 
would be expected in one academic year but we feel this has definite advantages. The 
students entering the 4-2-stage afiei general education often years of schooling may 
not have adequate background in chemistry Therefoie, in many instances, it has been 
decided to develop the subject-matter from the very fundamental. Certain areas, 
such as atomic and molecular structure, states of matter, nuclear chemistry, biochem- 
stry are more of interdisciplinary nature, Some of these are described in physics 
course and some other find wide application in the field of biology However, there 
is emphasis for covering chemical aspects and avoid duplication in such Units For 
example, nuclear fission and nuclear fusion which are given in physios course of the 
4-2 stage have been dropped from this book 

As stated earlier, first few Units deal with basic principles of chemistry whuffi 
are Useful in the study of the properties of the elements and their compounds It is 
impossible to give equal coverage to all the elements; therefore, only selective elements 
of a particular group are discussed in detail. Study of the carbon compounds is based 
on functional groups The last two Units of this book, ‘Biochemistry’ and ‘Chemistry 
in the Service of fvlan , mainly deal with application of chemistry. An attempt has 
been made to bring reality to the fact by citing several applications to illustrate how 
chemistry works in the service of man. Since last two Units follow the Units dealing 
with, study of compounds of carbon, it is understood that the students will not have 
difficulty in understanding the factual information given in these Units However, 
we cannot expect from the students that they will be ablq to memorize and reproduce 
the complicated structural formulae of all the compounds given in these Units No 



doubt, students would be able to appreciate and recognize the complexity of organic 
molecules in the living system We do not expect that in examinations, questions on 
the structural formulae of such complex molecules should be asked. 

There is an effort from our side to make the presentation simpler and readable 
Fully aware of our obligation 10 provide sufficient and adequate footing for profes¬ 
sional and academic courses, we have included the minimum number of concepts 
which the students will easily assimilate. All the times, we asked ourselves over and 
over again the same question : ‘What is it that a student netd and should receive 
from the text he uses in his study of chemistry ?’ How far we have been successful 
in this effort, only practising teachers and students will tell us. 

It is a fact that this book was prepared in a very short time at our disposal and 
in spite of our best efforts there may be many discrepancies, for which the persons 
who edited the textbook finally are responsible. Any suggestion for the improve¬ 
ment of the textbook from the practising teachers will be highly appreciated, 

We acknowledge with grateful appreciation assistance received from Dr (Smi) 
Kamalesh Mittal and Shf 1 Sukhvir Singh. We acknowledge also suggestions and 
advice of those teachers who read nearly all the manuscript in a review workshop 
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UNIT 1 


More About Atoms 


The atomic concept of matter was introduced by Dalton in order to provide a basis 
for the laws of chemical combination. The work of Avogadro and Cannizaro made it 
possible to determine relative atomic masses. The knowledge of atomic masses led to 
two further important developments in chemistry. Mendeleev proposed the Periodic 
Table. It was based on the idea that physical and chemical properties of elements are a 
periodic function of their atomic masses. On the other hand, the knowledge of atomic 
masses enabled chemists to determine formulae for molecules of substances. These in 
turn led to the concepts of valency and chemical bond formation. All through these 
developments the atom was regarded as a structureless particle. Later, it was established 
that the atom consists of electrons, protons and neutrons and that it has an internal 
structure. The protons and neutrons of an atom constitute a dense, massive, central 
core, called the nucleus of the atom. The electrons are distributed around the nucleus. 
Their distribution plan is called the electronic structure or electronic configuration of the 
atom. Since then attempts have been made to explain all chemical behaviour of atoms 
in terms of their electronic structures. The electronic structure of an atom implies in¬ 
formation about: (i) the number of electrons in the atom, (ii) their distribution in 
space around the nucleus, and (iii) the relative energies of electrons in different 
locations. 

The concept of electronic structure is rather difficult to grasp because the behaviour 
of electrons is very different from that of other objects around us. We shall concentrate 
in this Unit on a study of some aspects of the behaviour of electrons which could be 
only briefly discussed in Unit 2 of Part I of this book. The topics we cover now include 
the dual nature of particles in motion, the de Broglie equation, the uncertainty principle, 
and the consequent description of orbitals and the energy level scheme for electrons 
surrounding the nucleus 

1.1 DUAL NATURE OF MATTER AND RADIATION 

There are experiments which show that matter and radiations behave sometimes like 
particles and sometimes like waves. This feature is expressed by saying that matter 
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and radiation have a dual behaviour—particle-like and wave-like. To understand 
this aspect, we must first know what are particle-like and wave-like behaviours. 

A grain of sand is an example of-a particle. If we drop a stone into a pond of water, 
we observe waves spreading out in circles. One may, thus, say'thata particle exists at 
one point position at a time or is localized, while a wave is a spread out pattern and is 
said to be delocalized. However, by merely looking at a beam of electrons or a beam 
of light we cannot say whether it is made up of localized or delocalized components. 
We have, therefore, to explore the consequences of localization and delocalization. 
These consequences can be nicely illustrated by a simple experiment. 


snown in 


rig. 



If 


Imagine a wall which has two windows, A and B, side by side, as w 

(a). Suppose you have a lot of tennis balls which 
you are throwing one at a time at the wall Fig. 1.1(b) 
If both windows are open, a ball can go to the 
other side of the wall either through A or B. It is 
obvious that for the ball to pass through the window, 
A, it does not matter whether the other window, B, 
is open or closed. .Further, if there are two persons 
beyond the wall and if one of them catches a parti¬ 
cular ball, then you can be sure that the other person 
could not catch the same ball at the same time. A 
little thinking shows that all these effects arise because 
u , uam. of the localized or particle-like nature of a tennis 
ball. 

Now, instead of throwing balls at the wall imagine that yoi| are shouting at it. » 
both windows are open, the sound waves starting from you pass through both windows 
Anyone listening to you on the other side of the wall 
will not be able to tell whether the sound heard by 
him came through A or B. If this experiment were 
carried out by making die size of the windows and 
the spacing between them comparable to the wave¬ 
length of sound waves, then ofte observes variation 
in intensity (i.e. loudness) of sound in different loca¬ 
tions on the other side of the wall. This variation 
arises because anji soundwave emitted by you gene¬ 
rates two waves Mvoud the waif starting from the 
two window^ The crests and troughs’of these two 
Will add at some places and subtract at other places 
leading ^o either an increase or .a decrease" in, the in¬ 
tensity of sound. This phenomenon is called inter - 
ference and is an important characteristic feature 
of waves (Fig. 1.2). If only one window were open, 

no interference will be observed since there is now only one set of crests and troughs 



p 

Fig.. |.2 Interference of waves 
(origins ling from point P). Each 
wave generates two-waves beyond the 
two openings, A and B. Because 'of 
phase difference interference takes 
place. 
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on the other side of the wall. Thus, in the case of waves, it very much matters 
whether one or both windows are open when the waves reach them. The observed 
effects are different in the two cases If there be two or more persons beyond the wall 
listening to you with one window open, they will ail hear you. The fact that one of 
them has “caught” your sound does not prevent some one else from “catching” the 
same sound at the same time All the wave effects we have described are due to 
their delocalized nature. 

Let us now see why electrons are regarded as having a dual nature An electron 
beam can show interference effects (you have studied this in Part 1 of your Physics 
book). Interference being a characteristic property of waves, electrons in motion are 
assigned a wave-like behaviour When an individual electron strikes a zinc sulphide 
screen, it produces a spot of light known as a scintillation Each striking electron 
produces just one scintillation point. The scintillation and, therefore, the sinking 
electron is localized and not spread out on an area like a wave. This' suggests that 
electrons in motion exhibit a particle-like behaviour too Thus, electrons show a dual 
nature. A light beam shows interference phenomenon (see Physics Book, Part 1), thus 
establishing its wave nature The particle nature of light is evident indirectly in the 
photoelectric effect. We shall describe here the main features of the photoelectric 
effect. 

When a beam of light falls on a metal like caesium, electrons are ejected from it. It is 
obsterved that the kinetic energies of emitted electrons are proportional to the frequency 
of light used but are independent of intensity of such light. Increasing intensity in¬ 
creases the number of ejected electrons but does not affect their kinetic energies. These 
observations are inexplicable on the basis of wave nature of light. The energy of a 
wave is related to its amplitude and, hence, to its intensity. One would, therefore, 
expect that a more intense beam incident at a spot should expel electrons with higher 
kinetic energies. However, the energy of ejected photoelectrons is proportional only 
to the frequency of light This suggests that light should be treated as consisting of 
particles. These particles of light are called photons. The energy ( E) of each photon 
is proportional to the frequency (v) of light, i.e. £=/iv, h being a constant of propor¬ 
tionality called Planck’s constant. 

The photoelectric effect is now easy to explain When a higher frequency hght is 
used, it is. equivalent to using photons of higher energy. The ejected electrons would, 
thus, possess more energy per electron as is observed. Increasing the intensity (keeping 
frequency fixed) means increasing the number of photons. This results in ejection of 
photoelectrons in larger numbers but does not affect their energies. The photoelectric 
effect, thus, forces us to ascribe a particle character to light also. In short, light must 
also be regarded as having a dual nature; 

1.2 de BROGLIE EQUATION 

If an electron has a wave character, it should also have a wavelength. The French 
scientist, Louis de Broglie, deduced in 1923 a relationship between wavelength (X) 
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of an electron in motion and its velocity, v, or momentum, p. This relationship is given 
(by the equation 



where m is ihe m r ss of an electron and h is the Planck’s constant. This relationship has 
been fully verified by experiment. The de Broglie equation can thus be used to cal¬ 
culate the wavelength of a moving electron if its velocity is known. 

Example I.I 

A moving electron has 4.55 x 10'** joule of kinetic energy. Calculate its wave¬ 
length 

Solution 

The kinetic energy of the electron is given by: 

* mv* - 4 55 x 10-* £ joule 

Therefore, v» - 

m 

The mass (mj of an electron is 9.1 x 10 - * 1 kg. The value of erg in CGS units is g cm* 
sec~ ! . Substituting these-values in the alcove equation, we get 

v* = 9 | - 10* m«/sec* 

9 1 x 10-» 

v = (10V 10* hi sec 

From de Broglie equation and Planck’s constant value of 5.6 x I0 _M joule sec or kg 
m J sec~ 2 . sec, we have 

^ _ h 66 x 10"** kg m* scc~ l x sec 

mv 9.1 x 10 -si xl0 s kg x m sec -1 
= 7 2 x IO-»m 

The de Broglie equation applies not only to electrons but also to other material 
objects in motion, e.g. neutrons, protons, atoms, molecules, etc. The equation shows 
that A decreases as m or v or both increase. The wavelengths of moving objects like a 
cricket ball in flight, a fast moving car, etc., are very small on account of their extremely 
large masses The wave character of bodies which we come across in everyday life is, 
therefore, neither apparent nor of any consequence.. 

1.3 THE UNCERTAINTY PRINCIPLE 

Moving objects as we see around us ail move along definite paths or trajectories. 
Whether it is a ball thrown or a car going from one place to another, or planets moving 
around in the sky, all these bodies trace definite trajectories. The trajectory of an 
object is determined by its initial position and velocity (including speed and direction) 
at various moments. Thus, if we know where a body is at a particular instant and if 
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we also know its velocity at that instant, we can tell where the body would be sometime 
later. Hence, we say that the initial position of an object and its velocity at various 
times fix its trajectory. For a subatomic object like an electron, however, it is impossible 
to simultaneously determine its position and velocity at any given instant to an arbitrary 
degree of precision Consequently, it is not possible to talk of the trajectory of an 
electron The impossibility of simultaneous determination of position and velocity'of 
small particles in motion was first deduced by Werner Heisenberg in 1927 as a direct 
consequence of the dual nature of light and matter. This principle is known as Heisen¬ 
berg’s uncertainty principle. 

To understand this principle, consider the problem of determining the position of 
an electron. To see an electron we have to use light. If we use light of wavelength A 
to locate the electron, we know from the principles of optics that the position of electron 
cannot be located more accurately than ±A. It follows that one can locate the electron 
as accurately as one desires by choosing a light of appropriately small wavelength. 
However, light too has a dual nature. From a particle point of view, observing an 
electron requires the collision of at least one photon with the electron, According to 
the de Broglie equation, light of a wavelength A corresponds to photons having a momen¬ 
tum, p=«iv=I)/A. If we choose a small value for A to determine the position of the elec¬ 
tron precisely, the momentum of the photon becomes large and an unknown part of 
this momentum is transferred to the electron at the time of collision This changes the 
velocity of the electron by an unknown amount It would seem that we can minimize 
this disturbance by choosing photons with small value? of p. But the de Broglie relation 
shows that A will now be large, leading to imprecise determination of position as it can¬ 
not be determined to a greater precision than ±A. A more detailed analysis of this situa¬ 
tion has shown that if the uncertainties (i e. imprecision) in position and in momentum 
of an object are and A P respectively, then the product of these can never be smaller 
than the Planck’s constant, h, divided by 4k. This fact can be expressed in the follow¬ 
ing form : 

A x x AP 

The sign>, means that the product of A* and A P can be either greater than or 
equal to but never smaller than /j/4tc. If fax is made small, Ap increases and vice 
versa. Since A P is equal to m Av, the above equation is equivalent to saying that 
position and velocity cannot be simultaneously determined to an arbitrary precision as 
stated in the beginning of this section. 

The uncertainty principle is one of the basic principles of modern science. You 
may wonder that since this principle rules out existence of definite t(ajectories, how is 
it that we continue to talk of paths of balls, cars, planets, etc. ? The answer to this 
question is that the effect of the uncertainty principle is importantonly for the motion of 
sub-microscopic objects and is negligible for that of large objects. This point is 
shown by the following examples. 
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Example 1.2 

Calculate the uncertainty in velocity (A v ) of an electron, if the uncertainty in its 
position (A*) is of the order of 1A (i.e. 10- 10 m) 

Solution 

From Heisenberg’s uncertainty principle, 

h 

Ax. AP=Ax raAv=-r^ 


4* Ax.m 

_ _ 66vl0 -31 kg m 2 sec 2 x sec 

4x-y- x i(H°x9 1 X 10- 31 rn ‘ ke 
* = 5.7 x 10 s m/sec 

If tlie velocity of electron becomes uncertain by this huge amount, thereis hardly any 
point in talking about its precise velocity Consequently, talking about the trajectory 
of an electron makes no sense 


Example 1 3 

Calculate the uncertainty (Av) in velocity of a cricket hall(mass = 0 15 kg),if the 
uncertainty (/) in its position is ol the order of 1A°(i.e 10- ,0 m) 

Solution 

Following the solution of Example 1 2, we can write 

_ 6 6x 10 34 _ kg m l sec~ z xsec 

4 v x 10~ 10 x 0 15 m xkg 
= 3 5 y l O' 2 * 1 m/sec 

Compared to the usual velocity of a cricket ball, this uncertainty is negligible We 
can, thus, talk about the simultaneous position and velocity of a cricket ball at any 
moment The concept of a trajectory makes sense in this case 


1.4 ORBITALS AND QUANTUM NUMBERS 

Newton firstJormulated the laws of motion These law, make up Newthman mecka- 
mes They are successful m describing the motion of large bodies However, they 
ai or the motions of an electron since.a moving electron shows a dual character and 
therefore cannot be treated as a “pure” particle The theory, which allows for the dual 

Ee rVrwtnTh la8 H PartiCle ?n deVel ° PCd * 1925 by three P h >' sicists > Werner Heisen- 
It LlTin x ger , and Paul Dlrac Th “ thcor .v is called quantum mechanics. 

rurtur! nf a tnrl a 'T ? a f eementwith the ^Penmental information about the 
ucture of atoms and molecules, Quantum mechanics cannot be presented in a brief 

and elementary manner. So, we shall not attempt here to state its laws, Instead, we 
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shall describe only some of the results, which are useful in understanding chemical 
behaviour in terms of electronic structures of atoms and molecules. 

,The motion of an electron around the nucleus cannot be described in terms of orbits. 
An orbit means a definite trajectory for the electron, and the concept of such aTrajec- 
tory is incorrect according to the uncertainty principle. The motion of electrons about 
a nucleus is described in quantum mechanics by a set of mathematical expressions 
required by the allowed quantized energy states of the electron. These expressions are 
called orbital wave functions or more commonly, just 'orbitals. The individual wave 
functions are denoted by the symbol ip (pronounced as sy rhyming with my). 

In a physical sense, the orbital of an electron is a part of space around the nucleus 
in which the particular electron spends most of its time and has a high probability of 
being found. 


Electronic orbitals in atoms are called atomic orbitals,, while those in a molecule 
are called molecular orbitals. It turns out that for a particular orbital, the electron has 
fixed energy. This is true whether we are considering an electron in aji atom or in a 
molecule. For an atom, it also happens that the angular momentum of an electron is 
fixed. The atomic orbitals can thus be specified by giving the corresponding energies and 
angular momenta. These energies and angular momenta, however, do not vary 
continuously from one orbital to another; both of them are quantized. The quantized 
values can be expressed in terms of the so-called quantum numbers, which are denoted by 
n and can have any positive integral value except zero (e.g. 1,2, 3, . etc.). These quan¬ 
tum numbers tell us about energies and angular momenta of electrons on one hand, 
while on the other they can be used to label the .orbitals. To understand these points 
better, let us consider the hydrogen atom, which is the simplest of all atoms. 


It can be shown that the electron in an hydrogen atom can have only the quantized 
energy values according to the expression (see Physics Book, Part I) ; 


27i 2 me 4 1 

h 4 n s 


(1.3) 


where m is the mass of electron, e its charge, h the Planck’s constant, and n the quantum 
number. The energy, £, in Eq. 1.3 is actually that of the electrOn-proton pair, though 
it is generally spoken of as energy of the electron. If an electron is sufficiently far from 
a proton so that there is no interaction between'them, the electron energy can be taken 
as zero. Compared to this situation, the energy of the electron in an hydrogen atom 
given by the above formula is negative or less than zero. The negative sign for energy 
indicates that the pairing of electron and proton m the atom is stabilized. 

According to Eq. 1.3 the largest negative value of energy (i.e. maximum stability) 
is obtained when n has the smallest permitted value, which is 1. Thus, n= l gives the 
lowest energy state of the electron in hydrogen atoms. This state is called the ground 
state of the electron or of the atom. If the known values of m, e and h are sybstituted 
in Eq. 1.3, the energy of the ground state works out to —1.312 x 10* J mol -1 . What will 
happen if 1.312 x 10® J mol -1 of energy is given' to the hydrogen atom 1 The energy per 
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mole of atoms for the system will become zero, i.e. the electrons will be far removed 
from the protons. This situation is described as ionization of hydrogen. Hence, ioniza¬ 
tion energy of hydrogen, which is the energy needed to remove the electron in the atom 
away from the influence of its proton, is +1.312 x 10* J mol -1 for hydrogen atoms. This 
has been confirmed by experiment. Note the positive sign for ionization energy. The 
positive sign means that this energy is added to the hydrogen atoms, i.e. the energy is 
supplied from outside. Let us now calculate the electron energy for the quantum number 
n equal to 2. The formula shows that this is —1.312 x 10*/4 J moM or — 3.28 x 10 s ! 
mol -1 . This reduced negative value indicates that in this state the atom is less stable 
compared to the ground state. This will be true also for all the other higher values 
of II. 


All states with n values greater than 1, are called excited states of hydrogen atom. 
They can be obtained from the ground state by providing appropriate energies called 
the excitation energies of these states. For example, if 13.12 x 10 s —3.28 x 10“=» +9.84 x 
10 1 J mol- 1 is provided to hydrogen atoms in the ground state, the electron in the atoms 
will make a transition from the n = 1 to the i=2 state. The various energy states of the 
electron in an atom are commonly called its energy levels. The meaning of the state¬ 
ment that energy of the electron in the hydrogen atom is quantized would be clear from 
the energy level formula for the latter. The electron in this atom can have energy equal 
to either—13.12 x 10*J mol-*(/»«< l)or—3.28 x 10 s J mol -1 (/»=2),or—1.46 x 10* Jmol- 1 
(n = 3) and so on, and no energy values in between. Energy quantization is observed in 
all atomic and molecular systems. However, expressions for energy levels in multi¬ 
electron atoms and in molecules are not known as precisely as in the case of hydrogen 
atom. 


In Eq. 1,3, all the factors on the right hand side other than n are constants. There¬ 
fore, we may rewrite this equation as : 


E 

Where C* 



27t J me 1 
h* 


(1.4) 

(1.5) 


The value of C works out to be 1.312 v ) 0® J mol -1 . The only variable n of Eq. 
1.3 or Eq. 1.4 can have positive integral values as stated earlier It is clear that for every 
given value of n, the energy term in Eq. 1.3 gets a fixed value. For example, if we are 
told that the electron in a hydrogen' atom is in n= 10 energy level, we at once know that 
its energy must be —1.312 x 10* J mol -1 . The quantum number n, which specifies values 
of energy for the electron is called its principal quantum number. 

It was stated earlier that the electron in a hydrogen atom has angular momentum 
which is also quantized It should be hardly surprising to know that the quantized 
values of angular momentum can be specified in terms of another quantum number, 
denoted by l, and called the angular momentum quantum number. The permitted values 
of / are again positive and integral. They are 0, 1, 2, etc. up to (n-1). Two points should 
be noted in respect of l. First, /, unlike n, can have a value of zero also. Secondly, 
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whereas n value can be any integer up to infinity, the integral values of / are determined 
by the value for n and go up to only n-1 Thus, if n = 6, / can be only 0, 1, 2, 3, 4 and 
5. No other integral values beyond 5 are permitted so long as n has a value of 6. You 
may wonder, why the l values are restricted by n. The reason for this is quite simple. 
Existence of angular momentum implies existence of angular kinetic energy for the 
electron. This obviously can never exceed its total energy as defined by ft Therefore, 
it is understandable that n (which determines total energy) should i>< some way restrict 
/ (which determines energy linked with angular momentum). 


An electron having an angular momentum and, thus, revolving round the atomic 
nucleus behaves in some ways like an electric current circulating in a wire loop (big 1 3). 

Consequently, it produces a magnetic field 
which can be observed. The observed 
magnetism shows quantized nature and 
this is described by a third quantum 
number called the magnetic quantum 
number m t . Since this magnetism is due to 


-' 

W 

t 

I 

\ 


\ 



Current due to a 
revolving electron 


Current m a 
wire loop 


Fig. 1.3 Movement of an electron 
generates electric current 

possible values for are —3, —2, 


r, i 

the angular momentum, it is expected that 
values of m, would depend on the value of 
/. It is found that for every given value of 
I, there are 2/-f-1 permitted integral values 
of mi which range from —/ to-f/, including 
zero. For instance if /= 3, then 2/-J-1 or 7 
1, 0, -j-I, -|-2 and -(-3i 


Apart from the magnetic effect due to its angular momentum (which in turn 
vanes according to the value for /), it is found that the electron has another inherent 
magnetic property because of spin around its own axis. This effect is quantized accord¬ 
ing to the spin direction, being clockwise or anticlockwise. This situation leads, to a 
fourth quantum number called the spin quantum number, m B , which has two permitted 
values : -f | and — £ 

To summanze, the motion of an electron in an atom is determined by foqr quantum 
numbers n, /, mi and m t . The restrictions on these are . 


n== 1,2,3, .up to co (only positive integers) 

i = 6,1,2,.up to (n-1) (zero and positive integers only) 

mi-/, (—/+ 1), ..,0.(1-1),/; (2/ + I values in all) 

m B = + $■ or —£ (only two. values) 

The electronic energy levels in hydrogen atom are given in terms oi the principal 
quantum number n only, but energy levels in all the other atoms (which contains mor_' 
than one electron) are determined by n and l together. We shall discuss the dependence 
of energy levels in multi-electron atoms on n and l in somewhat greater detail shortly 
as it has important consequences on the form of the Periodic Table. 
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Each permitted combination of n, l and mi defines some possible energy state of 
electron in the atom. The wave function or the orbital corresponding to this state may, 
therefore, be labelled by these three quantum numbers. The value of n is given first 
It is followed by the letters s , p, d or/, which respectively signify / = 0, / = I, /= 2 and 
/ = 3 values The three possible mi values for /= 1 (i.e. p orbitals) are labelled as p x , 
p y and pi. For 1—2 (ie. d orbitals), the‘five possibilities for mi are indicated as d 7 ~, 
dx l - y *, dxy. d x x, and d„ The significance of these'subscripts can be fully explained 
only in a more advanced course. Each of the orbitals can accommodate two electrons 
which must have spin quantum numbers of opposite sign. This requirement arises 
from the Pauli's exclusion principle which states that no two electrons in an atom can 
have the same set of four quantum numbers 

1.5 SHAPES OF ORBITALS 

On the basis of the wave mechanical treatment of motion of an electron around a 
nucleus we can calculate for a particular orbital wave function the probability of an 
electron being found at various distances from the nucleus and in various directions. 
This procedure shows that the radial electron probability* for an Is orbital spherically 
symmetrical (Fig. l-4a). For the hydrogen atom the radial electron probability for 
1^ orbital has a maximum value at 0 53A from the nucleus and rapidly decreases for 
distances less than and more than 0 53A.. The radial electron probability for 2s, and 
all other's'orbitals is also spherically symmetrical (Fig. Mb). 



distance r (X » 

Fig. 1 4 (a) Fig. 1,4 (b) A 2s orbital. p lg | j ^ curve showing radical probabilii 

A 1j orbital vs. distance from nucleus. 

Following points should be noted about radial electron probability in respect of s 
orbitals.- 

(i) The number pf probabil ity peaks in the radial probability distanoe-from-nuctoua 
curves for any s orbital is equal to the related principal quantum number n; one for Is, 
two for 2s orbital and so on (Fig. 1.5). 

(ii) For s orbitals with multiple probability peaks, the peak heights increase eg 
their distances frbm the nucleus increase. Thus for the 2s orbital in an hydrogen atom 

• Radial electron probability is the product of electron probability 4t a certain distance from (be 
nucleus and the surface area sphere of tbc satwr radius. 
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a smaller peak occurs at 0.4 A and a larger peak occurs at 2.7 A. A smaller peak height 
means a lesser probability also. 

(iii) A larger distance from the nucleus of the higher peak for the 2s orbital indi¬ 
cates a larger size of the 2s orbital. It should however be remembered that there is some 
probability for tbe electron to be at the distance of the smaliei peak, howsoever small 
this probability may be. 

Radial electron probability distribution patterns for any of the Ip orbitals do not 
show spherical symmetry. It takes the form of a dumbelU/ong a coordinate axis 
(Fig 1,(5) 

The three 2 p orbitals have the same pattern or radial electron probability (they 
navethus the same shapes), but they have different directional dependence and hence lift 
along the different coordinate axis. 



'« ) It>> t C / 

Ffg 1 6 The 2p nrbtiaK— , d, <fcr) and (t) denote ov and o* orhil.ils retrmctitt iv 


The radial electron probability for a 2 p orbitalshows only one peak. This is at 2.1 A 
from the nucleus in hydrogen atom. Thus, the electron in 2 p orbital will be essentially 
outside the Is orbital (Figure 1.5) Likewise the electron in 2s orbital will also be out¬ 
side the Is and the 2p orbitals. Yet electron in 2s orbital has added probability foi 
being at the inner peak of Is orbital ai0,4 A. In case of one electron atoms like hydro¬ 
gen, the energy of the electron is determined by only the principal quantum number, n. 
But for a multi-electron atom as lithium (Z= 3), the electron energy is detei mined both 
by its principal quantum number n and the orbital quantum number /. A 2s electron 
experiences the attraction of the full nuclear charge of 3 units, when it is at a closer 
distance to the nucleus than the electron in Is orbital. However, when the_2 s electron 
is outside the ls t orbital, two units of nuclear charge are screened from it by the two 
electrons in the Is orbital. In case of the 2 p orbital, the electron being essentially outside 
Is orbital, it will experience the attraction of only screened nuclear charge Thus, re¬ 
latively speaking, in a multi-electron atom a 2p electron is bound to the nucleus some¬ 
what less firmly than a 2s electron. This' also means that the energy of a 2s electron is 
less than that of a 2p electron. This accounts for the third electron in I/icntering the 



d,v d r" d " (tf- / uV 

Fig-1.7 Directional dependence of the probability of an electron in tbe live 3rd orbitals. (Dots are used 
only to show three dimensional burdents of the orbitals). 
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2s rather than the 2 p orbital. By the same argument an electron will have a lower energy 
in the 3 s orbital than in the 3 p orbital and an electron will enter tfce 3 s orbital before 
the 3p orbilal. 

1.6 ELECTRONIC CONFIGURATION OF ATOMS 

You are already familiar with the use of the Aufbau principle, to wnte the electronic 
configuaration of atoms (Section 2.5 of Part I) Since we have discussed the various 
orbitals in greater detail now, we shall reconsider this topic pointing out some additional 
features 

.It will be convenient to indicate orbitals by squares as we had done in Unit 4 of 
Part I. An empty square will mean an unoccupied orbital. A single electron in an 
orbital will be shown by drawing one arrow in a square and a pair of electrons will be 
shown by a pair of arrows with heads in reverse directions. The arrowhead (i.e f or j) 
will signify the ‘up’ or ‘down’ orientation of the electron spin. For energy sequence 
of orbitals, we shall use Fig. 1.8. The configuration of orbitals, HO-s 1 ), He (lr 2 ), Li 
(lr^j 1 ) and Be (lr 2 2j 2 ) can be shown as follows : 


H Is 1 


He 


Li ls 2 2s> 


Re I s 2 2s 2 


!s 2s 

[E □ 

0 □ 


2p - 


X Y 


* Y x 



X Y 


II 11 


X Y l 


The fifth electron for boron atom can be placed in any one of the three (equal energy 
or degenerate) 2p orbitals with either up or down orientation. Let us place it in 2p v 
with up orientation. 


1 s l 2s 2 2p x l 



x V 2 

A new feature arises with the atom of the next element namely carbon 
should we place the sixth electron ? If we put it in there will be apair^eJSoS 
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£ 

s 



n = 1 2 3 4 5 6 


7 


Fig. I 8 Relative energies of various orbitals ip atoms. 

occupying the same region of space but if we put it in either 2p y or 2p t , the two electrons 
will be occupying different regions of space. (This follows from Fig I 6 which shows 
that p x , p y and p z are along three different directions in space) Since electrons repel 
each other, it is obviously better for stability that they enter in different and more dis¬ 
tant orbitals to reduce repulsions between them. We shall, therefore, place the sixth 
^electron in the 2p v orbital. What about the orientation of spin 7 It may appear that 
it does not matter whether the sixth arrow is up or down. However, for reasons which 
cannot be explained at this stage, the parallel arrangement of spins gives a lower energy 
for the atom than when the spins are anti-parallel. .This means that the electron arrow 
in the 2p y orbital must .have an up orientation (which is parallel to the 2p x electron 
orientation). Thus, the carbon atom configuration becomes: 

2s 

C Is 2 2s 2 2p 2 ITT) jTT] [H 1 1 J 

* v x 

We state at this stage two rules, known as Hund’s rules, which are useful for dealing 
with the type of situation met with in the carbon atom 



14 


CHEMISTRY 


(i) When a group of empty orbitals having equal energies is available (like 2 p x , 
2/j, and 2 p z above), the electrons should first be allotted singly to different orbitals 
(The basis of this rule is that such an allottment reduces the force of repulsion and, 
hence, corresponds to a lower energy configuration). 

(it) When electrons are placed in different equal-energy orbitals, their spins should 
be parallel. (The basis of this rule lies in the magnetic effects of electron spin). 

The use of these two rules shows that the nitrogen atom configuration will be 




Is 2s 

-p 


N 

1 s a 2s-2p 1 

BI [1*1 CD 

0 

m 


* v I 


The next electron has to be placed in one of the singly occupied 2 p orbitals since 
the next orbital, 3 j, is much higher in energy. Moreover, Pauli principle demands that 
for going into an already half-filled orbital an electron must have a spin opposite to that 
of the electron already there. Consequently, configuration of oxygen atom is : 


O 


ls J 2s*2p 4 



* y z 


Similar reasoning yields the following further Electronic configurations ; 


I* 2,x 


2p. 


Is -w [FT] QT] MM 


X Y 7 


Nc ls’2: 


:s 3 2p« ns gs rom 


* V I 


The K and L energy shells (n = 1 and'/i * 2) have become fully occupied in reaching 
neon. Tne additional electrons are. therefore, assigned to the M energy shell beginning 
with sodium. The configurations of elements from sodium to argon is given on page 15. 
They are derived in exactly the same manner as the configurations of elements lithium 
to neon given above. Only the valence or M shell orbitals are shown. It is understood 
that tne first ten electrons in each element are distributed in K and L shells as described 
for neon. 
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In potassium and calcium, the orbital is occupied first as it is lower in energy 
than the 3d orbital. 
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4s 1 

4s 

m n 

n 

3d 

n 

□ 

□ 



4s- 

m l 

u 


To proceed further, we need one more rule. It is observed that when the set of 
-V/ orbitals are either half-full or completely full, some extra stability results. This 
means that configuration d i and d w in additionally preferred. Let us now return to 
the elements beyond calcium where the 3 d orbital is getting filled The next three ele¬ 
ments are . 


Se¬ 


ll 


V 


4s-id' 


4s-3d J 


4s ! 3d* 


4s 

im i 

JU 


ID 

t 

n 

1 

JJ 

ID 


3 

t 

IT 

□ 


The element Cr which follows V does not, however, have the configuration 4s*3d* 
instead, it has the configuration 4s l 3d i . This happens because d s has extra stability 
as mentioned above and, therefore, the configuration 4s*3d* rearranges to give the 
lower energy arrangement, 4s l 3d l . Thus, chromium is written as : 



Is 



3d 



Cr 4s , 3d r ' 

it 

i a 

71 

1 

I 

B 


4s 

I 


3d 



Mft 4s I 3d' i 

0 

m 

3 

3 

3 


followed by. 
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4s 


5p 


Fe 


4s 2 3d s 


El EEUflTn 


Co 4s l 3d 7 -» ' [U] iMlfll t 1 fJT 


Ni 


4s 2 3d s 


tl 


m 

FT 

ti 

ITT 


The extra stability of d 10 results in the next element copper having the configured 
4,c'3r/ ln rather than 4.v 2 3d fi . 


on 


4s 


3d 


Cn 


This is followed by : 


4s'3d ll) 


LE 

m 

ti 

ti 

t» 

tii 


4s 


3d 


As^d " 1 


1 


H 

Tl 

ti 

E 

tt 


The distribution of electrons in different orbitals for the remaining elements can be 
worked out in exactly the same manner as no new principles are required 


EXERCISES 

1 1 State the de Broglie relation hr tween the wavelength and momentum of a particle. 

1 2 Calculate the momentum of a pvrticle which has a de Broglie wavelength of 1A 

1 3 Calculate and compare the energies of two radiations, one with a wavelength of Rut'ilA and the 
other with 4000A, 

1 4 What do you understand by an atomic orbital "> What are the.shapesof ihc i ,p and <t orbitals. 

1 5 What do you understand by quantum numbers c > What is the significance of these quantum 

numbers ’ 

1.6 What are the n, l and m l values for 2p x and 3/;* electrons 7 
1 7 Write and explain in brief 
(i) Aufbau principle 
00 Pauli’s exclusion principle 
(id) Heisenberg's uncertainty principle 






18 


chemistry 


1.8 In an atom, the first shell may «wt««n up to 2 electrons, the second shell up to 8, the third shell 

up to 18, and the fourth shell up to 32 electrons. Explain this arrangement in terms of 
quantum numbers. ■' 

1.9 Write the sequence in which electrons fill in the various energy levels in an atom. 

1.10 State Pauli's exclusion principle and Hand’s rule. What is the importance of these rules in 
filling the electrons in various energy levels ? 

1.11 Write the electronic configurations of elements of atomic numbers 10, 17, 25, 29 and 37. 

1.12 Explain why half-filled and completely filled orbitals have extra stability. 

1.13 What designation are given to orbitals having : (i) n—2, 7—1; (li) n*=2, 7—0; (ni) n—4,/—3; 
(iv)n—4, /= 2; and (v) «—4, /=! 7 

1.14 Write down the different relationships between : 

(0 Wave number and wavelength 
(ii) Wave frequency and wavelength 
(iiO Wave frequency and momentum 

1.15 What atoms are indicated by the following configurations 7 Are they in the ground or excited 
state? 

(i) Ir* 2s* 2p x * 2p * 2p* 

(ii) [Ar] 4i» 3d« 

(iii) Is* 2s 1 2p„t 2p y t 2p M * 
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Unit 4 of Part I dealt with chemical bonds and molecules. You will recall that a 
group of atoms remaining together as a stable combination and having characteristic 
properties of its own is called a moleen . Such a combination is stable because it has a 
lower energy compared to the constituent atoms existing separately. It is convenient 
to think that atoms in a molecule are linked by chemical bonds. There exist several 
types of bonds such as covalent bond, ionic bond, hydrogen bond and some others. 
Two chemically bonded atoms have a definite distance of separation (bond length ) and 
a definite bond energy. (Bond energy is the energy released on bond formation). The 
geometry or shape of molecules depends on the relative arrangement of bonds in space 
or the bond angles. Bond types, bond lengths, bond angles and bond energies between 
themselves determine the physical and chemical behaviour of molecules. It can be said 
that understanding chemistry is essentially the understanding of the nature of chemical 
bonds. 

The electronic theory of chemical combinations clearly reveals the nature of chemical 
bonds. You have already seen in some detail (Section 4.3, Part I) why and how two 
hydrogen atoms form a hydrogen molecule. In an isolated H atom, the electron is 
attracted by one nucleus, only in this case it happens to be just a proton. In 
a H, molecule, however, each of the two electrons are attracted by two protons. This 
additional attraction irresponsible for the lowering of energy and, hence, for the sta¬ 
bility of H, molecule. Generally, molecule formation results whenever valence electrons 
of participating atoms can feel the attractive influence of more than one nucleus. The 
lowering of energy is maximum for some definite arrangement of atoms for a molecule. 
Any distortion from this arrangement raises the energy and is, therefore, notTavotued. 
This explains why molecules have characteristic bond lengths and bond angles making 
a characteristic molecular geometry. 

2.1 REVIEW OF VALENCE BOND METHOD 

The chemical bond approach was used in Part I of this book to study simple examples 
of molecule formation. The method discussed there is called the valence bond (v.b.) 
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method Let usconsiderthe H 2 molecule Instead of saying that each electron feels attrac¬ 
tive influence of two protons, we can equally well regard that the two protons are shar¬ 
ing a pair of electrons Thus, the chemical bond in hydrogen molecule gets identified with 
a shared pair of electrons. The mechanism by which such sharing becomes possible is 
easily understandable The electron in an isolated hydrogen atom is piesent in the Is 
orbital When two such atoms approach each other, this will lead to an overlapping of 
the atomic orbitals Such an overlap of orbitals permits the two electrons to occupy 
a common region in space. However, the Pauli principle allows this to happen only if 
the spins of the two elections are of opposite kinds We conclude then that the lequire- 
ments for bond formation are • (i) presence of singly filled orbitals in different atoms, 
and (ii) the two electrons occupying these separate orbitals having opposite spins. 

Under these conditions, an overlap of orbitals can take place leading to a sharing of 
an electron pair between two nuclei. Application of these ideas to molecules like 
F„ H 2 0, NH 3i CH„ C 2 H 4 , C 2 Hj, etc. was covered in Unit 4 of Part I This 
approach is called v.b method because it directs attention pi imarily to the role of valence 
electrons in forming individual chemical bonds. The v b. meUiod was mainly deve¬ 
loped by the great American chemist Linus Pauling m about 1930, Pauling was awarded 
the Nobel Prize in chemistry in 1954 

There is another approach to explaining molecular structures. This is known as 
the molecular oribital (m o.) method It was developed mainly by Robert Mulhken, 
winner of the Nobel Prize in chemistry in 1966 We shall discuss the m.o. approach 
in the following section. 


2 2 MOLECULAR ORBITAL METHOD 

The m o description of molecules is very similar to the atomic orbital description of 
atoms. Just as the electron probability distribution around a nucleus is given by atomic 
orbitals, the electron probability distribution around a group of nuclei in a molecule 
is given by m.o, Moleculer orbitals, thus; play the same role in determining the elec¬ 
tronic structure of a molecule that atomic orbitals do for electronic structures of atoms 
In atoms, we tabulate all the atomic orbitals and arrange them in a sequence of increas¬ 
ing energy. The orbitals are labelled by the four quantum numbers n, l, m, and m E 
We then fill the orbitals one at a time (Aufbau principle), subject to Pauli principle, to 
arrive at the electronic configuration of any atom. The m o method proceeds in exactly 
the same way with molecules, and we shall illustrate this by discussing the electronic 
structure of some simple homonuclear diatomic molecules in which both atoms are 
identical (i e. H 2 , Li 2 , Be 2l etc.) 


The three steps to be followed are . (i) to tabulate the m o. of homonuclear diatomic 
molecules, (u) to arrange them in order of increasing energy, and (iii) to fill them with 
electrons one at a time, keeping in view the Pauli principle. Step' (i) was applied to 
atoms by considering the possible orbitals of the one-electron atom or the hydrogen 
atom. It follows that for diatomic molecules, we should similarly consider the possible 
onbitals of an one-electron diatomic molecule There exists no neutral molecule with a 
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single electron. However, -there does exist a positively charged molecular species 
called molecular hydrogen ion, H 3 + . It can be thought of as a hydrogen molecule fiom 
which one of the electrons has been removed H s + ion is not stable enough to be obtained 
in solutions like other ions It can, however, be produced in discharge tubes Although 
short-lived, n has been possible to measure many of its properties Foi example, its 
bond length is 1 06 x 10- 10 m(l 06 Aland bond energy 269 kJ mol- 1 Being an one- 
electron molecule, H 2 + occupies the same place in m.o. treatment that hydrogen atom 
does in atomic structures 

Molecular orbitals of H 2 + ion : The various m o.'of the electron in H,+ ion can be dedu¬ 
ced by a rather simple reasoning. Consider the lowest energy state’(i.e. the ground state) 
of this molecular ion The m.o. for this state provides probability distribution for the 
electron in this state. Let us label the two protons in H a + ion as A and B. When the 
electron is near proton A, we can treat H 2 + ion as a Jiydrogen atom plus proton B. 
Similarly, when the electron is near proton B, the molecular ion can be regarded as - a 
hydrogen atom plus proton A. In the first case, the electron distribution is described 
by a Is 1 orbital located around A while in the second case it is described by a 1,? orbital 
located around B It is reasonable to assume, therefore, that the m o. in this case is 
made up of two Is atomic orbitals, one centred on A and the other centred on'B. 

The idea that a m.o can be obtained by combining atomic orbitals located on diffe¬ 
rent nuclei is central to the m.o. method. It is based on the rather obvious expectation 
that a m o. in the vicinity of a particular nucleus must resemble the atomic orbital 
around that nucleus. However, there is one feature of this idea which is not so obvious, 
namely, how are the atomic orbital to be combined together to form new m.o. There are, 
in fact, two ways of doing it. Thus, when two atomic orbitals are combined, one always 
gets two m.o. One m.o. is obtained by adding the atomic orbitals and the' other by 
Subtracting them. In the former case, it is found that the electron probability in the 
internuclear region is increased Since this situation favours bonding, the m o. formed 
by adding atomic orbitals is called a bonding molecular orbital, In the second case, the 
electron probability in the internuclear region is decreased. Since this situation does 
not favour bonding, the corresponding m.o. is called antibonding molecular orbital. 
As far as energy is concerned, it is obvious that the electron present m the bonding orbital 
should have a lower energy than the one prdsent in the antibonding orbital 

We have seen how the two Is atomic orbitals located on the two protons in H,+ ion 
give rise to a pair of m.o —one bonding and one antibonding. In the same fashion, 
two 2s orbitals located on two protons yield another pair of m.o. Since 2s has higher 
energy than 1 j, the pair of m o. obtained from the 2 j orbitals have higher energies than 
the pair obtained from Is. Within each pair, the bonding orbital, of course, licslowei 
on the energy scale than the antibonding orbital. Additional pairs of m.o can be 
obtained from double sets of 2p x , 2 p y , 2p z nnd other atomic orbitals. The order ot 
energy of 10 mo. arising from two 1 j, two 2s, and,-six 2 p atomic orbitals is given in 
Fig 2.1. The oidering relating to the 2 p set may look,puzzling, but sinoe the explanation 
is complicated we shall not enter into it at this stage 
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Fig. 2.1 Energy orders for filling molecular orbitals for diatomic homonuclear molecules 


In parallel with the s, p, d classification of atomic orbitals, m.o of diatomic mole¬ 
cules are named, a, a, 8, etc. The meaning of this nomenclature is. that the addition 
and subtraction of two s orbitals centred on two nuclei produce m.o. which are sym¬ 
metrical around the bond axis (Fig. 2.2). Such m.o. are of the sigma (a) type. If the 

intcrnuclcar axis be regarded as the z-direction, it 
can be seen that a combination of Pi orbitals of two 
atoms also produces tw < a type m o. (Fig. 2.3). Mole¬ 
cular orbitals obtained in cases of py and p x orbi¬ 
tals aTe not symmetrical around the bond axis 
because of the presence of positive lobes above and 
negative lobes below the molecular plane (Fig. 2.4). 
Such m.o. are, therefore, not of the a kind. Molecular 
orbitals of the type shown in Fig. 2.4 are labelled 
as pi (rc) orbitals. The antibonding orbitals are in¬ 
dicated by putting an asterisk after them. Thus, a* 
and a* are antibonding <s and a orbitals respectively. 
Atomic orbitals which are involved in the formation of m.o. are generally given as 
subscripts For example, a# means a bonding m.o. formed by the addition of 
two 2s atomic orbitals and n*2p y means an antibonding m o. formed from the two 
atomic orbitals. 


G*Q 

ts is 
0-0 


o 

«- IS 

OO 


Fig 2.2 Molecular orbitals for¬ 
med by adding and subtracting 
two li atomic orbitals, ols and o*b 
are bbnding and antibonding mole¬ 
cular orbitals 
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We are now in a position to apply the Aufbau principle to derive the electronic 
configuration of any homonuclear- diatomic molecule. However,, before we do so, it 


2P, 


00*00 - e©e 

a b 

oo-oo- 

2P Z 2 Pz 

Fig 2 3 Formation of v2p t and a*2 p z molecular orbiials by combination of 2 p x atomic orbitals. 



is of interest to find the relationship between electronic configuration and molecular 
behaviour. This is done by using a few simple rules : 

(a) If No electrons occupy bonding orbitals and N a electrons are in antibonding 
orbitals, (i) the molecule is stable, if Nb is greater than (ii) the molecule is unstable, 
if Nb is less than N a ; and (iii) the molecule is unstable, if N b is equal to N a . 



2Py 2 Py 


Fi*. 2 A Formation of it2p y and n*2p y molecular orbitals by combination of 2p y atomic orbitals. 

Statements (i) and (ii) are easy to understand. In (i), more bonding m.o. are occupied 
so the bonding influence is stronger and a stable molecule results. In (ii), the (even* 
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is the case and the molecule is unstable. The explanation for (m) is that the anti¬ 
bonding effect is somewhat stronger than the bonding effect 

(b) For estimating relative stability, it is convenient to introduce a quantity called 
bond order (b o.) This is defined as half of the difference between numbers of electrons 
in bonding and antibonding orbitals, i.e bo = l(Nb— Na.) ■ • 

The rules given in (a) can now be restated as . A negative or zero b.o. means an 
unstable molecule while a positive b.o. means a stable molecule The stability of a diato¬ 
mic molecule as measured by its dissociation energy is proportional to its b.o Thus, a 
molecule with a b.o. of two has greater dissociation energy than a molecule with a b o 
of one or one and a half 

(c) Integral bond orders of one, two or three correspond respectively to what we 
call single, double or triple bonds The bond order concept in the m o method, thus, 
corresponds to the familiar concept of a chemical bond The correspondence is, how¬ 
ever, not exact because b.o. can be non-integral whereas we normally do not think of 
fractional chemical bonds. 

(d) Bond order is inversely related to bond length.. The higher the b.o. value, 
shorter is the bond 

(e) If all the electrons in molecule of a substance are paired, the substance is diamag¬ 
netic; otherwise it is paramagnetic 

We shall now apply these ideas to study some of the diatomic molecules of the ele¬ 
ments, of the first and second rows of the Periodic Table 

H 2 +. The only electron in this molecular ion occupies the lowest energy orbital, <rl s 
This is a bonding m o. The b.o can be calculated as follows . 

b.o.-* (N„-N a ) = i (1-0)-* 

Positive value indicates that the molecular ion has some stability This, of course, 
also follows from the fact that the lone electron in this ion is in a bonding m o. The 
existence of unpaired electrons should make the molecule paramagnetic. The stability 
of the ion as well as its paramagnetism are experimentally observed 

Ff 2 . The second electron of this two-electron molecule will also go in the crl i 
onbitalbut with opposite spin. This explains the observed diamagnetism of molecular 
hydrogen. The bond order is 

bo -* (N b -N tt ) = J (2-0) =1 

which means that we can think of the two hydrogen atoms as being connected by a 
single bond The b o value also shows that compared to H 2 +, the bond in H a should 
be stronger and shorter. The experimental value of 433 kj mol- 1 for bond energy and 
of 0.74 x 10- 10 m for bond length support our expectation. 

tfe a +. The third electron occupies the antibonding orbital o*1j The b.o. is !, 
(2-1)=i.e. same as in H 2 +. The dissociation energy and bond length should be 
comparable to those of H a +. The molecule should be paramagnetic. All these con¬ 
clusions are in agreement with experiment 
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He v The fourth electron also goes into crM.r orbital making the b.o. zero. No 
such molecule should be formed nor has it been observed. We can proceed in the same 
fashion to the homonuclear, diatomic molecules formed by Li, Be, B, and C. However, 
the molecules Li 2 , Be 2 , B 2 , and C 2 are not of any interest from a chemist’s point of view 
We shall, therefore, omit their discussion and, instead, consider the diatomic molecules 
formed by nitrogen, oxygen and fluorine which are chemically important. 

iV 2 : This molecule has 14 electrons. These have to be accommodated in the seven 
lowest energy orbitals which, according to the energy level diagram, are . ulj, a Is, 
o2s, a* 2s, <t2 p z , -n:2p x , and n2p y The 5 bonding orbitals have 10 and the two 
antibonding ones have 4 electrons. Therefore, the b o is . 

| (N b -N a )-i (10-4) = 3 

which agrees with the traditional view that N 2 contains a triple bond The b o. also 
suggests that dissociation energy should be high. The experimental value of 945.0 kl 
mol -1 —the highest amongst the diatomic molecules—supports the expectation Since 
all the electrons are paired, the observed diamagnetism is also understandable 

0 2 : Fourteen of the 16 electrons in this molecule will be distributed as in N 2 The 
energy level diagram shows that after 14 electrons have been alloted, there are two 
vacant orbitals rc*2p v and n*2p x with the same eneigy Fiom Hund's rules, it follows 
that the two remaining electrons should be assigned one each to n*2p y and n*2p x 
with their spins parallel. In this distribution, there are 10 bonding electrons (as in N e ) 
but 6 antibonding electrons. The b.o , therefore, becomes 2 which accounts for the 
double bond known to be present in 0 2 molecule The two unpaired spins should make 
oxygen paramagnetic. It is actually observed to be so You will recall that the simple 
valence bond approach wrongly predicted 0 2 to be diamagnetic (see p 52, Part I). We 
now see how the m o. approach successfully tackles this question. 

F 2 : The two additional electrons beyond O a (F 2 lias 18 while 0 3 has 16 electrons), 
go into the half-filled tc*2 p y and k* 2p x orbitals, F 2 has, thus, 10 bonding and 8 anti¬ 
bonding electrons resulting in a b o of 1 which agrees nicely with the known fact that F 2 
has only a single bond. The pairing of ail the electrons also explains the diamagnetic 
nature of fluorine 

Ne 2 The 20 electrons here can be distributed into 5 bonding and 5 antibonding 
orbitals. The b.o,, thus, becomes zero, showing thereby that Ne 2 cannot exist as a 
stable molecule. 

This completes our treatment of the m.o. method We have applied the method 
to only homonuclear diatomic molecules because their treatment is relatively simple. 
However, the'examples discussed do show most of the essential ideas of this approach. 
The m.o. theory can be applied to heteronuclear diatomic as well as to polyatomic 
molecules, but these topics are beyond the scope of this book. The m.o and Valence 
bond methods are the two main approaches that a chemist uses to understand molecular 
behaviour in terms of electronic structure You may wonder why there are two and 
not only one approach to this problem The answer is that electronic description of 
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molecular siructures is a very complex problem and it still has not been completely 
solved. Chemists have, therefore, devised approximate ways of resolving the problem 
It turns out that one can do this in two different ways, and that is why there are these 
two approaches You may also wonder if one method is superior to the other. The 
answer is that each of them has some advantages and disadvantages and neither can be 
considered superior to the other. The valence bond method is attractive because it is 
close to a chemist's traditional view of a chemical bond. The m.o. method has the 
advantage that it is close to treatment of electronic structure of atoms. Linus Pauling, 
who was one of the pioneers in developing our understanding of chemical bond has 
summarized the situation in the statement • “The theory of chemical bond is still far 
from perfect. Most of the principles that have been developed are crude, and only 
rarely can they be used in making an accurate quantitative prediction However, they 
are the best that we have, as yet, and I agree with Poincare that ‘it is far better to foresee 
even without certainty than not to foresee at all’ ” 

Chemical bonding is one of.the many areas in chemistry which will be hopefully 
tackled by future generations of chemists, like you. 

23 HYBRIDIZATION-FURTHER EXAMPLES 

We return now to the valence bond approach which was employed in Part 1 to dis^ 
tuss molecular structures. It was shown there that the idea of promotion-cum-hybri- 
dizauon has to be introduced to explain the nature of compounds formed by boron, 
beryllium and carbon In all these cases, promotion took place from 2s and 2 p orbitals 
and hybridization involved the ,v and p orbitals. Properties of resulting hybrid orbitals 
are summarized in Table 2,1. 


TABLE 2 1 

Properties of Hybrid Orbitals 


Name 

j-Character 

p-Characler 

Bond angle 

Geometrical 

Examples of 





arrangement 

molecules 

ap diagonal 

P- 

1/2 

180" 

Linear 

BeHj, HgClj, 

spJ trigonal 

1/3 

2/3 

120° 

Coplanar 

C 2 H r 

BF } , NO,-, 

sp 5 tetrahedral 

1/4 

3/4 

109" 

Triangular 

Tetrahedral 

CjHj, C0 3 i- 

CH 4 , ClOc, 






SnCI 4 


Let us now consider compounds of some elements of the third period. The elec¬ 
tronic configurations of phosphorus and sulphur show that the atoms of these elements 
have 5 and 6 electrons,respectively m the 3t and 3 p orbitals taken together.' In the 
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ground state, these atoms have (like nitrogen and oxygen) three and two half-filled 
orbitals Thus, they form compounds like PF 3 and H a S which are analogous to NF, 
and H,0 But phosphorus and sulphur also form compounds like PF, and SF,, Since 
NF„ and OF 6 are not known, it is obvious that some new feature must be present in the 
elements of the third period. This feature is the presence of vacant 3 d oribitals which 
are comparable in energy to the occupied 3 s and 3 p orbitals. The paired electrons in 
the latter can, therefore, be unpaired by promotion to the vacant 3d orbitals leading to 
covalencies of 5 and 6. Hybridization can now involve not only the a and p orbitals 
but also the d orbitals yielding molecular geometries not found amongst compounds of 
the second period elements 

In phosphorus, the ground slate valence electron configuration is 3<, i 3p x '-3p y l 3p I } 
Excitation or promotion of one s electron to the 3 d drbital gives the configuration 
3i 1 3p x '3p y '3p z 1 3d l One of s , three of p t and one of d orbitals hybridize to form 5 
sp 3 d (hybrid) orbitals (Fig. 2.5), which point to the corners of a trigonal bipyruinid 
The 5 orbitals are not equivalent but fall into two groups One group of three orbital- 
forming a plane is directed towards the corners of an equilateral triangle while the othei 
group of two equivalent orbitals is perpendicular to the plane of the triangle, above 
and below it The experimentally determined structure of PCI, is iri complete agree¬ 
ment with this picture. The molecule has trigonal bipyramidal geometry with the three 
equatorial chlorine atoms being closer to the central phosphorus atom than the two 
out-of-plane chlorine atoms 



Fig. 2.5 The foimation of five sp 3 d hybrid orbitals These orhitals define a trigonal, bipvramid 

geometry. 


The ground state valence electron configuration of sulphur is 3s‘ J 3p x 3 3p v '3p x 1 . Pro¬ 
motion of two electrons, one each from 3s and 3 p x orbitals, to two of 3d orbitals follow- 
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ed by hybridization of one of s, three of p, and two 
of d orbitals leads to six sp > d i hybrid orbitals. These 
are directed to the corners of a regular octahedron. 
The octahedral structure of SF 9 molecule is thus easily 
understandable (Fig. 2.6). Table 2.2 summarizes 
some of the hybridization schemes involving d orbi¬ 
tals which you will encounter in the study of transi¬ 
tion metal chemistry 

2,4 BOND DISTANCE AND BOND ENERGY 


d 3 S P 3 


Fig. 2.6 Octahedral structure of SF # 


An important characteristic of a chemical bond 
is its length. Bond lengths or bond distances can be 
obtained from experimental measurements as we shall 
study in the next section. Consider HC1, H, and Cl, molecules. The bond lengths, r, 
in these molecules have been found to be as follows; 


Voi “ 1-36A 

Va - 0.74A 
'd-ci “ I.98A 


It can be seen that: 


T H— Cl *■ ^H-H+VcJ—cl 
TABLE 2.2 

Hybrid Orbitals and Molecular Shapes 


Shape of molecule 

Hybrid type 

Atomic orbitals 

Bond angle 

Examples 

Linear 

sp 

s+p 

180° 

BeCl„ HgCI, 

Planar 

spi 

■i+2(j>) 

120° 

BF,. BCU, 
COjS-, NO,- 

Tetrahedral 

spi 

r+ 3(p) 

109° 

ch 4 , nh 4 +, 
BH*~ 

Square planar 

dspi 

d+f+2(p) 

90° 

Nt (CN)*>-, 
[Pta 4 i*~ 

Trigonal bipyramidal 

dipt 

> +3(p)+d 

90°,120* 

PF»(g) 

Octahedral 

sp>d* 

2(d) +j +3(p) 

90 

[Co r fhfHa),^+ 


This equation will be easy to understand if we consider atoms as billiard balls, and 
assume that they are in contact in a molecule. The billiard ball model means that the 
radius of the hydrogen atom will be half of the bond distance in H, molecule. 

The sequencing of orbi'r.Js in column 2 will depend on the nature of the centra] atom 
Involved in the formation of m ilecule or ion. 
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Similarly, the radius of the chlorine atom will be half the bond length in Cl 2 molecule 
It follows that the HCl bond distance should be the sum of the radii of the two atoms 
in agreement with the above equation Fig 2 7 shows a pictorial view of this process 



Fig 2.7 A pictorial view ot th: formation ol two HCl molecules from a l-t. and a CL 

molecul? 

Our analysis shows that it is convenient to think sometimes that an atom is like a 
billiard ball One can then talk of the radius of the atom The length of the bond 
between two atoms whose raaii are known, is just the sum of their radii However, 
the billiard ball model of an atom must be used with care We know from th • irlier 
discussion about orbitals that atoms do not have sharp boundaries like balls The 
model, therefore, cannot be successful under every circumstance, and we should not 
expect bond lengths calculated from a fixed set of atomic radii to always agree with the 
experimental values For example, the C-C distance calculated from carbon atom 
radius (obtained from the C-C distance in diamond) should be 1.54A This agrees 
perfectly with the C-C distance measured in ethane (C 2 H e ), but disagrees with the C-f 
distances found in ethylene (1 33A) and acetylene (1.20 A) The fact that we are dealing 
here with different types of C-C bonds (i.e. single-bond in ethane, double bond in 
ethylene and triple bond in acetylene) having different types of hybridization (i.e. syj 3 
sp z , etc.) is primarily responsible for the disagreement It is found that if we adopt diffe 
rent sets of radii for atoms in different bonding situations, we are more successful in 
predicting bond lengths for a large number of bonds. .Table 2.3 lists single and multiple 

TABLE 2 3 
Covalent Bond Radii 

Single bond radu (A) Multiple bond radii (A) 


H 

0 28 

P 

1 10 

Tc 

1 37 

C=0 67 

C 

0.77 

As 

1.21 

F 

0.64 

C30.61 

Si 

1.17 

Sb 

1.41 

Cl 

0 99 

NS0.55 

Ge 

1.22 

O 

0.66 

Br 

1 14 

Sn 

1.40 

s 

1.04 

I 

1.33 


N 

0.70 

Se 

1.17 
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bond radii of some atoms, Atomic radii for double bonds are about 14% and those 
for triple bonds about 23 % smaller than the radii obtained for single bonds A similar 
set of radii can be obtained for ions from ionic solids. 

Bond energy : The energy required to break a bond is called the bond energy. For 
a gas like hydrogen with a diatomic molecule, H„ the dissociation energy of the subs¬ 
tance is identical to the bond energy of the molecules. For a polyatomic molecule like 
H,0 having two bonds, the bond energy of the O-H bond is taken as half of the energy 
required to dissociate H a O molecules in vapour into oxygen and hydrogen atoms The 
N-H bond energy is, similarly, one-third of the energy required to dissociate NH, 
molecules into atoms. 

The reasoning used for interpreting bond lengths can also be used for bond energies. 
Consider the HI molecule formed from H 4 and I s molecules. One may say that the 
share of each hydrogen atom in the bond energy of HI molecule is half of the value of 
the bond energy in H, molecule. Similarly, the share of each iodine atom in the bond 
energy of HI molecule is also half of the bond energy of I 2 molecule. The energy of the 
H-I bond should then be just the sum of the contributions of hydrogen and iodine atoms. 
Let us see how tenable this idea is. 

The experimental bond energies of H, (e„_ H ) and l a (e„_,) are 435.4 kJ moh 1 
and 150 6 kJ mol -1 . The calculated bond energy of HI (e H _,) then should he : 

e h-i = 4 e h-h *i-i *= 217.7 -}- 75.3 = 293.0 kJ mol" 1 

This is in good agreement with the measured value of 297 1 kJ mol" 1 . 

The above method of calculating bond energies works only for molecules involving 
similar types of bonds. The single bond energies of some common bonds are given 
in Table 2.4. 

TABLE 2.4 

Energies of Some Typical Bonds 


Bond Bond 

energy Bond energy Bond 
(kJ/mol) (kJ/rool) 


f-f 

159 0 

CI-CI 

242 7 

Bi-Bi 

192 5 

1-1 

150 6 

H-H 

435 1 

C-C 

347.3 


O-F 

184.1 

C-F 

C-O 

355 6 

N-Cl 

H-F 

564 8 

C-Br 

H-CI 

430 9 

I-C.1 

H-I 

297,1 

C-H 



S-Cl 


Bond 

energy 

(kJ/mol) 


485 3 
200 8 
2761 
209.2 
414 2 
251.0 


Bond 

Bond energy 
(kJ/mol) 


H-O 464.4 

N-H 389.1 

C-Cl 326 4 

Si-I 213.4 

P-Br 272 0 


2 5 METHODS OF DETERMINING MOLECULAR STRUCTURE 

It was mentioned m Part I that the most widely used methods for determining struc¬ 
ture fall into two main categories which are ■ (i) spectroscopic methods, and (ii) diffrac- 
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tion methods. We shall now consider he subject or molecular spectroscopy in sonic 
detail. 

All spectroscopic methods involve study of either absorption of radiation (absorp¬ 
tion spectroscopy) or of emission of radiation (emission spectroscopy). The former 
is generally more convenient and is, therefore, more popular. In ■air absorption spec¬ 
troscopy experiment, a sample is exposed to a beam of radiation The frequency of 
radiation is changed continuously, and the intensity of radiation which has passed through 
the sample (transmitted radiation) is measured It is observed that for definite values 
of frequencies, the intensity of transmitted radiation falls, showing thereby that the 
radiations corresponding to these frequencies are absorbed by the sample. The plot 
of intensity versus frequency is known as the absorption spectrum of the sample A 
typical spectrum is shown in Fig. 2.8. 

The reason why only certain freq¬ 
uencies, and not all . frequencies, arc 
absorbed by the sample is easy to un¬ 
derstand We know that molecules, like 
atoms, have quantized energy levels, 
which means that they can have only 
certain but not all values of excitation 
energies. If a molecule is at a paiticular 
energy level and if theie exists another 
energy level above it, the molecule can 
absorbing an appropriate radiation, If 
the difference in energies of the two levels is &E, then only such radiation will' be 
absorbed whose frequency.v, is related to the energy gap ( \,E by the equation, 
&E— bv. Since the quantized energy levels are characteristic of a molecule, the 
set of frequencies absorbed (i.e. the absorption spectrum) is also characteristic of a 
molecular species. The absorption spectrum of a substance can, thus, be used to 
identify its molecule. Further, since the energy levels depend on such stiuctural 
parameters of molecules as bond lengths, bond angles, etc., it is clear that molecular 
spectra can enable one to determine the structures of molecules. 

Molecular spectra are of se veral types because, unlike atomic energy levels, molecu¬ 
lar energy levels are of various types, First, we have electronic energy levels winch aie 
associated with the motion of electrons in a molecule, These are the energy levels of 
the various m.o. in a molecule The separation of electronic levels is of the orilet of 
420 kJ mol' 1 . Transitions between these levels are, therefore, brought about by ladiu- 
tions in the ultraviolet and visible regions. Tire branch of moleculai spectroscopy, in 
which transitions between electronic energy levels are studied, is kn< wn ns elect) onu 
spectroscopy or ultraviolet-visible spectroscopy. 

Apart from electronic levels, molecules have energy levels due to the following 

(i) Vibrations : These are associated with the stretching and bending of chemical 
bonds due to small shifts in the positions of atoms in molecules. 



Fig. 2.8 A typical absorption spectrum— the minima 
correspond to the wavelength absorbed by the 
sample. 


make the transition to the upper level by 
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(u) Rotations • These are due to rotations of molecules in space. 

Vibrational and rotational energy levels are also quantized. The energy spacings 
(l\E) between vibrational levels correspond to radiations in the infrared region, while 
the spacings of rotational levels correspond to radiations in the microwave region. 
Vibrational and rotational spectroscopy are, therefore, also known as infrared spec¬ 
troscopy and .microwave spectroscopy, respectively 

The rotational energy levels of a diatomic molecule are related to its moment of 
inertia which in turn is related to the masses of involved atoms and the 
bond length Microwave absorption frequencies yield information about energy gaps, 
££, from which moments of inertia and hence, bond lengths can be calculated. A 
polyatomic molecule may have three different moments of inertia and the expressions 
for its rotational energy levels are quite complex Nevertheless, bond distances and 
bond angles can be derived from absorption spectra of polyatomic molecules 

The spacings of vibrational energy levels are primarily determined by the stiffness 
of chemical bonds Infrared spectra yield information about stiffness of bonds in terms 
of force constants. Some molecular groupings like C = O, C=C, — NO z , C —H, etc. have 
characteristic vibrational absorption frequencies. The presence of such groups in a 
molecule of unknown structure can be easily established from the vibrational spectrum 
of the substance The infrared spectrum is, thus, an extremely valuable tool for the 
determination of molecular structures 

The electronic absorption spectrum can similarly be correlated with specific functio¬ 
nal groups. Thus, each of the C-C, C = C, C=C, C = 0, C-H, etc. groupings absorb 
in specific frequency regions. The ultraviolet and visible spectra are, therefore, also 
useful for identification of functional groups 

Apart from electronic, vibrational and rotational energy levels, molecules also have 
energy levels due to nuclei (Mossbauer spectroscopy ), due to interaction of nuclear spins 
with external magnetic field [nuclear magnetic resonance ( NMR ) spectroscopy~\, and due 
to interaction of electron spin with external magnetic field [electron spin tesonance 
(ESR) spectroscopy~\. All these methods are used m modern chemistry to unravel the 
structures of molecules and you will study them in advanced courses 


EXERCISES 


2 1 

2 2 

23 

24 

25 

26 


What is the maximum number of 


(a) What do you understand by a molecular orbital (m.o.) ? 
electrons that can occupy a molecular orbital 1 

(b) How many m o’s of H a originate from the hydrogen ]r atomic orbitals 7 

What do you mean by bonding and antibonding molecular orbitals ? Give the number of 
electrons which occupy the bonding in H 2 +, H a and He 2 

Use the energy level digram to show that N 2 would be expected to have a triple bond, F a a s.ngle 
bond and Ne 2 no bond. a 6 


What is meant by bond order ? Calculate the bond order of He a +, o„- and 0 2 - molecules 
Explain the paramagnetic behaviour of oxygen with the help of energy level diagram 
Explain in terms of valence bond theory the following observations • 
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(0 CCI 4 and SiCl 4 are both tetrahedral 

( II ) C0 2 is linear but S0 2 is angular 
(Hi) BF 3 is planar but NH 3 is not 

(iv) HSH angle in H s S in closer to 90° than HOH angle in H s O 

2 7 Predict on the basis of electron pair repulsion theory the geometry of the following molecules 
SF 6 , HgCl 2 , NH 4 i , Ni (CN) 4 *- 

2 8 (a) What do you mean by the term bond energy ? How would you calculate the bond energy 

of a molecule 9 

(b) The bond energ.es of H 2 and I # are 435 4 kJ mol-i and 150 6 kJ mol-i respectively Calcu¬ 
late the bond energy for HI molecule. 

2 9 Why are the bond angles in CH 4 , NH a and OH* different, when tetrahedral structure is held valid 
for all of them 9 

2 10 What is meant by spectrum and how is it obtained ? 

2,11 Write short notes on . 

( 1 ) Valence bond model 
(n) Hybridization 

( III ) Bond distance 

(iv) Determination of molecular structure. 



UNIT 3 


More About States of Matter 


The reasons for substances being found in different states as gases, liquids and solids 
have been dealt with in Unit 5 of Part I. The general characteristics of solids are des¬ 
cribed in section 5.7 of that Unit. Differences in the nature of bonding or attractions 
between constituent particles lead to formation of different types of solids (Sec. 4.9 of 
Part 1). Substances which are solids at ordinary temperatures will consist of highly 
polar molecules, oppositely charged ions in equivalent numbers or cations and electrons 
to make up electrically neutral substances. In this Unit, we shall discuss more about 
crystalline state of solids and about water which is a liquid with very unusual properties. 

3.1 CLASSIFICATION OF SOLIDS 

Different structural features of solids can form the basis for classifying them They 
may be roughly divided into two classes- true whds and pseudo solids A distinctive 
feature of solids is that they are rigid A true solid has a shape which it holds against 
mild distorting forces A pseudo solid lacks this character It can be more easily 
distorted by bending and composing forces. It may tend to flow slowly even under 
its own weight and lose shape Pitch and glass are two examples of pseudo solids. 
I n old buildings, window glasses are found to have become somewhat thicker at the bottom 
and thinner near the top, The rigidity and shape of pseudo solids are only apparent. 
Such substances are better described as supercooled liquids We shall not pursue their 
study at present except to say one thing - pseudo solids do not melt sharply on being 
heated, they gradually soften over a wide range of temperatures and eventually lapse 
into a liquid state. 

Solids may exist in shapeless amorphous forms or in well shaped crystalline 
forms. Crystalline solids may be further.dassified according to the nature of particles 
constituting them and the binding forces between them (Table 3 1). 

Amorphous solids include substances like glass, fused silica, rubber and polymers 
of high molecular masses They may even have small parts in crystalline and rest in 
non-crystalline form. Crystalline parts of an otherwise amorphous substance are 
called crystallites. When we try to cut a crystalline solid with a sharp edged tool it 
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TABLE 3 1 


Crystal Types According to Constituent Particles 


Crystal type 

Constituent particles 

Major binding 
forces 

Properties 

Molecular 

Small molecules 

van der Waals 
forces 

Soft, low melting volatile, ele¬ 
ctrical insulators, poor ther¬ 
mal conductors, low heats of 
fusion 

Ionic 

Network of positive 
and negative ions 
systematically ar¬ 
ranged 

Strong electro¬ 
static attrac¬ 
tions 

Brittle, high m.p., poor con¬ 
ductors of electricity and heat, 
very high heats of fusion 

Covalent 

A network of che¬ 
mically bound atoms 
of one or more kinds 

Covalent bond 
forces 

Very hard, high m p., poor 
conductors of heat and elec¬ 
tricity, high heats of fusion 

Metallic 

Positive ions in a 
sea of electrons 

Electrical attra¬ 
ction 

Very soft to very hard low to 
high m p., good conductors of 
electricity and heat, metallic 
lustre, ductile and malleable, 
moderate heats of fusion 


Examples 


Solid COj, 
and CHj, 
Wax, iodine, 
ice, sulphur 
Salts like 
NaCI, LiF, 
BaS0 4 

Diamond, 
silicon, qu¬ 
artz 

Common 
metals and 
some alloys 


gives a clean cleavage, but an amorphous substance 
gives an irregular or conchoidal fracture (Fig, 3.1) 
Crystalline substances have a definite rigid shapes or 
morphology. Every crystal is contained within a well 
defined set of surfaces which are called planes. Such a 
substance also has : (i) a sharp melting point, (li) a 
characteristic heat of fusion,, (iii) a definite three dimen¬ 
sional arrangement of constituent particles, and (iv) 
(a) A crystalline solid gives a dean 8 enera ^ incompressibility, 
cut, (b) An amorphous solid 
gives an irregular cut. 

3.2 X-RAY STUDIES OF CRYSTALS 

Much of our information about the structures of crystals at the level of molecules, 
atoms and ions has been revealed by their interactions with X-rays. Crystals are found 
to act as diffraction gratings for X-rays. This indicates that the constituent particles 
in crystals are arranged in planes at close distances in repeating patterns. W. L. Bragg 
and his father 'V. H. Bragg tried to locate relative positions of Zn and S atoms in a 
ZnS crystal by a detailed analysts of diffraction patterns formed with X-rayS. Later, 
a method was developed by Debye, Scherrer and Hull in which the X-ray pattern could 
be obtained for a substance in powdered form instead of a single crystal. The diffrac¬ 
tion pattern was taken on a circular film surrounding the powder target Fig. 3 2 shows 
one of such diffraction pictures. 
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To decide about distances between 
constituent pacticles in a crystal from 
the pattern shown in Fig 3 2 is a prob¬ 
lem in physics, and we shall not go 
into its details in the present course 
We shall refer here only to the involv¬ 
ed basic law known as Bragg’s law. 
This is given by the following equation ■ 

Fig 3 2 Diffraction pattern yielded by Debye- X — 2 d sin 0 (3 1) 

Scheirer-Hull powder technique. n - . ) 


\ 



Fig 3.3(a) A simple set-up for X-ray diffraction 



Here d is the distance between planes of the constituent particles in the crystal, paral¬ 
lel to the plane on which the X-rays are in¬ 
cident, 20 is the angle made by a diffracted 
X-ray beam with the direction of the incident 
beam, A is the wavelength of X-rays used, and 
n is an integer (1, 2, 3, etc) which stands for 
the serial order of diffracted beams Using 
Bragg’s law we can calculate distances bet¬ 
ween repeating planes of particles in crystals 
or using crystals with known interplanar dis¬ 
tances we can calculate the wavelengths of 
the X-rays used. 



Fig. 3.3 (h) Simplified representation of 
X-ray diffraction (in real situation many 
spots appeal). 


Example 3 1 

What will be the wavelength of the X-rays which give a diffraction angle, 20 equal 
to 16.80° for a crystal, if the interplanar distance in the crystal is 0.200 nm and only fust 
order diffraction is observed? 


Solution 

In the equation, n A = 2 d sin 0, njs equal to 1. Therefore, 

A = 2 x 0.2 x lO-'m X sin 8.40= 0.4 x 0.146 x I0- 9 m - 0 0584 x |0-° m or 
0,584 A 
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3.3 CRYSTAL LATTICES AND UNIT CELLS 

The three dimensional distribution of constituent particles m a crystal can be found 
on the basis of diffraction of X-rays from the different faces of a crystal. Fig. 3 4 is an 
example of a three dimensional diagrammatic representation of a crystal However, in 
the crystal, the constituent particles are packed as closely as possible. A representation 
of a crystal like Fig. 3.4, in which the locations of constituent particles are shown by 

points, is called the space lattice or crystal lattice 
of the crystal. For every crystal lattice it is 
possible to select a group of lattice points which 
sets the pattern for the whole lattice. This three 
dimensional group of points is called the unit cell 
of the crystal and it is characterized by the distances 
a, b and c along the three edges of the unit cell and 
the angles a, p and y between the pairs of edges 
(b, c), (c, a) and (a, b) respectively (Fig 3 4). The 
whole crystal can be developed by a step-wise shift¬ 
ing of the unit cell in all the three directions. It 
Fig, 3 4 A simple depiction of j s |{| ce building a whole block with the help of 
crystal latuce and unit cell (the whole ^ 
crystal is like a brickwork, heavy lines 
show unit cell) 





Tetragonal 


Orthorhombic 




Monocline 
Fig. 3.3 



The prlnrithie unit edk in I fat crypteb 
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In all seven types (Fig 3 4) of basic or primitive unit cells have been recognized amongst 
crystals They are called seven crystal systems or crystal habits These are shown 
n Fig 3.5 and their characteristics are listed in Table 3 2 In fact, a crystal consists 
of a large number of unit cells; this number depends on the size of the crystal. If the 
unit cell in a crystal lattice has lattice points only at the corners, the crystal is said to have 
a simple lattice There are seven simple lattices based on the seven primitive unit cells 
But all crystals do not have simple lattices Some are more complex and it is not 
possible to discuss all of these at this stage. However, if we consider the cubic system 
of crystals, besides the simple cubic crystals, we often meet two other types of cubic 
crystals (or cubic lattices). These are called face centred cubic (fee) and body 
centred cubic (bcc) crystals. Unit cells of all the three cubic types of crystals are shown 
in Fig. 3.6. 
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Face centred cubic 
(fee) 


Fig. 3 6 Three types of unit ceils for cubic crystals 


During crystallization all faces of a crystal do not grow at the same rate and, there¬ 
fore, all crystals of a substance may not have the same ratio of axial edges as for the unit 
cell, but they will have the same axial angles Actual crystals can differ in their final 
shapes and yet they may have unit cells of the same type. 




TABLE 3 2 



Different Crystal Systems 


System 

Axial distances 

Axial angles 

Examples 

Cubic 

Tetragonal 

Orthoihombic 

Monocline 

Hexagonal 

Rhombohedral 

Triclinic 

a=b=c 

a=b?ic 

a^Sb^c 

aiAb^Sc 

a=b?Sc 

a=b=c 

a^b^c 

a =p= T =90° 

oc=p= T =90° 
«=p= T =90° 
a=Y=90°, PtS 90° 
a=0=9O°, r =120° 
a =P= Y ^90° 

«7^p7^Y7^90° 

Copper, Zinc blende, 
KC1 

White tin, SnOr, 
Rhombic sulphui 
Monoclinic sulphur 
Graphite 

Calcite 

Potassium dichi ornate 
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3 4 PACKING OF CONSTITUENT PARTICLES IN CRYSTALS 

In the formation of crystals, the 
constituent particles get closely packed 
together. The available space is used 
most economically and a state of maxi¬ 
mum possible density is reached Since 
the constituent particles can be of var¬ 
ious shapes, the mode of closest packing 
of particles will vary according to their 
shapes. We shall discuss here the pack¬ 
ing modes of simple spherical particles 
to which the common constituent particles 
of crystals approximate We shall fur¬ 
ther limit ourselves to spheres of equal 
size. By placing such spheres in a row 
in horizontal alignment, we develop an 
edge of a crystal [Fig 3.7 (a)] By 
combining the rows we can build a 
crystal plane [Fig 3 7 (b)] 


Combining of rows can be done 
in two ways with respect to the first F ‘8 3 ” Packing of spheres for efficient' use 

row of available space . (a) Edge formation, (b/Two 

modes of plane formation 

(i) The particles in the adjacent rows may show a horizontal as well as a 
verticle alignment and form squares. This type of packing is called a square 
close packing. 

(ii) The particles in every second row are seated in the depressions between 
particles of the first row The particles in the third row will be vertically aligned 
with those in the first row, and so on. This arrangement gives hexagonal patterns 
and is called a hexagonal close packing 

The second mode of packing is evidently a more efficient one. It leaves less space 
unoccupied by spheres. In square close packing, a cehtral sphere is in contact with 
four other spheres and in the hexagonal close packing, a central sphere is in contact 
with six other spheres [Fig 3 7 (b)]. 

For two dimensional packing, a hexagonally close packed layer gives a more efficient 
packing. Based on this, let us proceed further to consider a three dimensional packing 
maintaining a hexagonal close packed pattern for the layers. Fig 3 8 (a) shows the 
base layer in a crystal 

In this layer, let the spheres be marked with the letter A and two types of voides left 
between the spheres be marked with the letters B and C as shown in Fig 3.8 (a) II a 
second layer" is placed with spheres vertically aligned with those in the first layer, Its 
voids will also cover the voids in the first layer. This will amount to an inefficient filling 
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Tig 3 8 Layers in close packing of spheres • (a) The hexagonal close packed base layer, (b) Two 

layers together 

of space. If we arrange the second layer so that : ts spheres are seated in the B voids 
of first layer, the C voids will remain unoccupied as no sphere can be seated in them 
under this plan [Fig 3 8 (b)] In the second layer thus placed, we shall have some second 
layer voids over the C voids of the first layer. We shall call these voids (made of two 
voids in two different layers) as C' voids There will also be ordinary voids in the second 
layer over the positions of spheres in the first layer We can call these as B‘ voids of 
second layer. While the B and C voids of first layer are both triangular in shape, in 
the second layer, only the B‘ voids are triangular The C' voids of second layer are 
combinations of two triangular voids of first and second layers with one triangle vertex 
upwards and the other triangle vertex downwards. A simple triangular void in a crystal 
gets surrounded by 4 spheres and is called a tetrahedral void or hole. A double trian¬ 
gular void like C gets surrounded by 6 spheres and is called an octahedral void (Fig 3.9). 



Flj. 3.9 Two types of voids it crystals , (a).Tetrahedral void, (b) Octahedral void 
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If a third layer is placed bver the second layer, so that the spheres cover the tetrahe¬ 
dral or B' voids, we get one type of three dimensional closest packing in which the 
spheres in every third or alternate layers are vertically aligned. This pattern is called 
the AB AB. . pattern. Alternatively, if the third layer sphere cover the octahedral 
or C voids, we get a packing in which spheres in every fourth layer will be vertically 
aligned. This gives the ABC ABC . type pattern of stacking spheres Both stacking 
methods are equally efficient though different m form. They can be repeated to any 
length. In a three dimensional packing of spheres the AB AB. . .packing is called the 
hexagonal close packing (hep) and the ABC ABC .packing is called the cubic close 
packing (ccp). The ccp type packing tallies with the fee type packing described earliei 
Molybdenum, magnesium and beryllium crystallize in the hep structure Iron, nickel, 
copper, silver, gold and aluminium crystallize in the ccp structure 

The voids or holes in crystals are also called interstices Their sizes acquire impor¬ 
tance when some non-lattice atoms (such as H, B, C, N) or ions are to be accommodated 
in them. Transition metals when they form crystals of hydrides, borides, carbides, and 
nitrides, respective non-metals are accommodated m the interstices. 

Coordination Number , In the hep and ccp modes of stacking, a sphere will be in 
direct contact with 6 other spheres in its own layer. It will also be directly touching 
3 spheres in the layer above and 3 in the layer below Thus, a sphere has 12 closest 
neighbours in hep and ccp stacks It is said to have a coordination number of 12. In 
any crystal lattice, the number of closest neighbours of any constituent particle is called 
its coordination number. Coordination numbers of 4, 6. 8 and 12 are quite commqn 
in various types of crystals. 

3 5 IONIC CRYSTALS 

This group of crystals are made from .cations and anions, in alternate positions, so 
that an overall electrical neutrality exists in the crystal. The two types of charges are 
present in equivalent amounts. The cations and anions will generally be of different 
sizes. The voids in such crystals will be wider than those in packings of equal spheres (in 
metals). In an ionic crystal, we have two interpenetrating lattices of anions and catior s. 
Sodium chloride crystal is a typical example. In NaCl, it has been determined that 

, O Q 

distan ce between two adjacent ions is 2.81 A. If we add the radii of sodium (0.95A) 
and chlorine (1.81A), it shows that there is a tittle space between the ions. Structure of 
solid NaCl is a special class of ionic crystals. Chlorides, bromides and iodides of 
lithium, sodium, potassium and rubidium (as well as some halides of silver) ordinarily 
possess the NaCl structure in which coordination number of each ion is 6. It is to be 
remembered that every ion in th^ crystal interacts with every other ion, so that the 
whole crystal can be considered as a single gumt molecule. 

Unlike metallic crystals, ionic crystals have different types of constituent particles 
in neighbouring positions. This difference obstructs any easy slip between neighbouring 
units in an ionic crystal. Thus, ionic crystals are liable to break under stress while 
metals show the properties of ductility and malleability. 
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In an ionic crystal lattice, constituent ions are held together by strong electrostatic 
forces. Therefore, ionic solid compounds have fairly high melting points, e.g Na,S0 4 
an ionic solid has the m p, of 1157 K. 

3 6 DEFECTS IN CRYSTALS 

Perfectly crystalline substances are very scarce in nature When we do get crystalline 
minerals in a reasonably defect-free form, we regard them as jewels and are prepared to 
pay heavy prices for them The imperfections may occur even in chemically pure crys¬ 
talline substances due to irregularities during growth of crystals These are called 
physical, intrinsic or native defects Impure crystalline substances may have physical 
defects, but in addition they have chemical or extrinsic defects also. The term defect 
generally denotes departure from regularity in the arrangement of the constituent par¬ 
ticles (atoms, ions and molecules) m a crystal. Defects in crystals greatly influence 
their physical properties (e.g electrical conductivity and diffusion) and sometimes even 
their chemical properties. Here, we shall refer briefly to only a few of these aspects 

Point Defects We have learnt about a crystal lattice being a regular repeating 
arrangement of points representing relative locations of its constituent particles. If 
any of these particles is either missing from the crystal lattice or is dislocated to a position 
meant for another particle or shifts to an interstitial position, we get a point defect. Here, 
we shajl consider point defects of ionic crystals In such defects, electrical neutrality 
of the crystal is maintained and stoichiometry is not affected. 

When a cation and an anion are missing from their normal positions in the crystal 
lattice, we get voids or vacancies in the crystal Existence of such paired vacancies at 
lattice points is called a Schottky defect [Fig 3 10 (b)] after the German scientist, 
Schottky, who discovered it in 1930 If, however, an ion is not completely missing 
but shifts to an interstitial position in the lattice leaving avacancy in its own position, it 
constitutes a Frenkel defect [Fig 3.10 (c)] discovered by the Russian scientist Frenkel 
in 1926. Though vacancies are generated both in Schottky and Frenkel defects, the 
lormer leads to a decrease in the overall density of the crystalline substance but the 
latter does not. 


+ 



F ' 8 3 10 (J) ,dea ' CWal ' < b > C ^ tal w ‘ th Schottky defects, (c) Crystal with Frenkel defects. 
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Another interesting defect observed in ionic crystals is due to neutral atoms occupy¬ 
ing some of the interstitial positions These do not disturb electrical neutrality Thus, 
Zn atoms can be trapped in ZnO crystals [Fig 3 11 (a)] Yet another defect arises 
from substituting ions of one valency state by those of another valency state Thus, 
two out of three ferrous ions in a lattice may be converted to ferric state and the third 
ferrous ion may be removed from a lattice site. This happens in iron pyrites. Exis¬ 
tence of ferrous and ferric ions side by side provides an opportunity for free electron 
exchange Such a facility gives rise to metallic lustre and, coupled with the natural 
dolour of iron pyrites, some samples of the mineral shine like gold and have been nick 
named fools' gold The defects of this kind where electron flow is facilitated because 
of different oxidation states of atoms existing side by side can also generate metallic 
conduction in non-metalhc substances. The existence of several such defects sites to¬ 
gether in a crystalline substance may be exhibited in the substance having a non- 
stoichiometnc formula Non-stoichiometric fbrmulae are common in sulphides and 
oxides Cuprous sulphide samples are found to analyse anything between Cu, , 6 S 
and Cu 2 S. Non-stoichiometry in crystals is regarded as a chemical or non-stoichiometric 
defect These non-stoichiometric compounds show properties of semiconductors. 
Non-stoichiometric compounds were at one time called bertholhdes after Claude 
Berthollet who postulated that composition of a chemical compound could change 
with its method of prepaiation 
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Fig. 3 11 Chemical or non-sloichiomelnc defects, (a) Zinc metal m the interstitial position 
ZnO CQistal, (b) Cation vacancy in AgCl by substitution of Cd 2 + for Ag+ 


In some crystal, the specific cation or anion may get replaced by an impurity ion of 
nearly equal size. IF a Cd 21 ion takes the place of an Ag+ ion in AgCl lattice in order 
to maintain electrical neutrality, another Ag h will be missing from the lattice point to 
create a vacancy [Fig 3 11 (b)[ Such a vacancy can be helpful in electrical conductance 
through AgCl by migration of Ag H ions from lattice sites into vacant sites and so on. 
So, while Ag+ ions move in one direction, the vacancies move in the other. 
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3.7 ELECTRICAL CONDUCTIVITY IN SOLIDS 

We are familiar with high electrical conductivity of substances like copper or silver. 
When a bulb is connected with a battery through a copper wire it glows. We also 
are aware of the conductivity of graphite rod used as an electrode. It also can be seen 
that NaCl crystal, when put in a circuit, apparently does not conduct electricity. 
Based on the electrical conductivity, solids can be broadly classified into three types : 
metals, insulators and semiconductors Conductivity of solids varies anywhere from 
10 8 ohm- 1 cm -1 in metals to 10' 22 ohm _1 cm _1 in insulators. Conductivity of a solid 
substance is its characteristic property and reflects the internal structure and bonding 
in the solid. 


Conductivity in metals is due to movement of free electrons in metal crystals. Most 
of the inorganic and organic solid compounds come under the category of insulators. 
Here, it would be relevant to mention that basically conductivity in any solid is due to 
movement of electrons, ions, charged interstitials or vacancies. Ionic solids conduct 
electricity to a very small extent though they come in the category of insulators. Con¬ 
duction in ionic solids involves migration of ions or other charged species under an 
applied field. The ion migration becomes possible because of the presence of vacancies 
or interstitials in the ionic solids (which you have studied in the previous section). If 
an ion moves from its lattice site to occupy a ‘vacancy’, it creates a new vacancy and 
in this way a vacancy may migrate across a crystal, which is effectively the same as 
moving a charge in the opposite direction. 

Semiconductors have conductivities between metals and insulators and these fall in 
the range 10 2 to KH ohm- 1 cm' 1 . Germanium and silicon are the most common 
examples. The atoms of both have four electrons in the outer shell, which form four 
covalent bonds with other atoms and give rise to a tetrahedral structure like diamond. 
If sufficient energy is given, some of the covalent bonds break, and electrons are ejected 
from their normal sites. These electron can then migrate, leaving behind a positive 
charge where a bond is missing. Electrical conductivity takes place by migration of 
electrons one way, and migration of positive holes in the other. This is termed intrin¬ 
sic conductivity. If some impurity is added, e.g. arsenic, the conductivity is enhancer. 
Here, out of 5 valence shell electrons in arsenic, 4 form bond and the fifth can conve' 
current quite readily. This is an example of extrinsic conductivity. You will study more 
details about semiconductors in your physics course. 


Conductivity of metals generally decreases with increase in temperature while that of 
semiconductors increase with temperature. 


3.8 ALLOYS 

Alloys are metallic substances containing two or more elements, at least one of which 
s a metal They often show crystal defects. These defects are largely responsible for 
e special properties of alloys. Small atoms of non-metals like hydrogen boron 

crystalT Thisish V"' in ^ InterStitial s P aces or voids in’metallic 
crystals. Tins is how carbon present in various steels and cast iron forms iron carbide 
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There are two general types of alloys : (1) intermetallic compounds and interstitial 
compounds of metals with non-metals, and (li) solid solutions of metals and non-metals 
in metals. 

The solid solutions often involve substitutional and interstitial impurities Colloidal 
dispersion in metals are also sometimes treated as alloys Alloys, in which mercury is 
one of the metals, are called amalgams. 

Some advantages of making alloys and their examples arc given below ■ 


Advantage 

(i) To increase hardness 

(ii) To reduce corrosion 

(iii) To increase tenacity 

(iv) To improve colour 

(v) To get better castings 

(vi) To lower melting points 

(vii) To modify chemical activity 


Example 

Alloying of iron with carbon and several 
other elements 

Making stainless steel from iron 

Brass, an alloy of copper, is more tenacious 

than copper *•> 

Aluminium bronze (A1 with 5% Cu) looks 
like gold 

Antimony is added to lead to make typo 
metal 

Solder is an alloy of lead and tin 
Amalgams are usually made for this purpose 


3.9 LIQUID CRYSTALS 

Some crystalline substances on melting give non-uniform or anisotropic liquids 
(they do not have the same values of properties in all directions). The liquids formed 
show double refraction which is a property ordinarily associated with some solids but 
not with common liquids. In the state of liquid crystals , a substance has some proper¬ 
ties of crystalline solids and the flow properties of liquids The temperature at which a 
substance changes sharply into the state of liquid crystals is known as its transition point 
A higher temperature at which it forms a dear, uniform or isotropic (same in all direc¬ 
tions) liquid is given the usual name of melting point. 

The state of liquid crystals is also called mesomorphic or paracrystaliine state. Given 
bdow are examples of two substances forming liquid crystals. 


Transition point (K) Melting point (K) 
Para-azoxyanisole 389 408 

Normal-octyl-para-azoxycinnamate 367 448 

Liquid crystals are becoming important substances because of their electrical and 
optical properties and use in electronic display instruments 

3.10 SOME UNUSUAL PROPERTIES OF WATER 

A major part of all living organisms is made up of water Human body has about 
65%, and some plants have as much as 95% water It plays a very important role in 
our daily life, not only because it is essential for us but also because of its very unusual 
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properties. Water has a high specific heat which makes it a good storehouse of ther¬ 
mal energy. It has a greater density as liquid than as solid ice. This keeps ice floating 
on water and prevents floating of lower layers in lakes. It has high heats of vaporiza¬ 
tion and fusion So, water does not evaporate or freeze as easily as many other liquids 
would. A reasonably long temperature range between its freezing point and boiling 
point makes water a very convenient medium for chemical reactions and biological 
processes. The great dissolving power of water arises from its polar character and high 
dielectric constant. 


The unusual magnitudes of vanous physical properties of water and its exceptional 
behaviour are linked with the structure of liquid water and polar character of its mole¬ 
cules. Because of hydrogen bonding, water molecules are held together, extensively 
forming networks of molecules. Liquid water retains in part the crystalline 
order of its solid form X-ray diffraction studies of liquid water support this 
hypothesis. 


--i,: 
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Examination of ice crystals with 
X-rays shows that each oxygen atom 
is surrounded tetrahedrally by four 
other oxygen atoms at a distance of 
0 276nm (Fig. 3.12). Hydrogen 
bonding gives ice a rather open type 
structure with wide holes These 
holes can hold some other molecules 
of appropriate size interstitially. 

Examination of liquid water near 
melting point of ice has shown that 
.each water molecule has as its near 
neighbours about 4 or 5 other water 
molecules In this range of tempera¬ 
tures, liquid water is structurally close 
to ice. The breakdown of some hydro¬ 
gen bonds during the melting of ice, 
makes the packing together of the new 
fragments somewhat closer but the open type structure still persists Thus, at the melting 
point, water is only slightly more dense than ice. As the temperature rises more liy- 
drogen bonds am broken by thermal agitation and the packing of molecules becomes 
° e . r , density . °f liquid water increases as temperature rises This tendency is 
offset by the expansion of water as temperature rises and the density of warer passes 

w TT“ 111 K ' Tta hydrogen bonding in water „ 

Zt « Z ! h y tq " mm ' n, of ‘ of vaporization and a rather high boding 

P nt At the boiling point of water, kinetic motions of molecules are able to com- 

Mef r ° 8 '" ‘°" d f0raB ” d " ,UI<I “ er 


T 


TmV 
v 




T 


Fig 3 12 Structure of ice. 
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A complete description of water as a liquid has not so far been possible. A number 
of models have been proposed but none has been found to be entirely satisfactory The 
cluster model shown in Fig 3.13 is relatively simple and seems to be a nearly true 



representation. In this model, the liquid water is regarded as a mixture-of clustered 
water molecules and single water molecules. The clusters are constantly breaking down 
and building up anew m rapid steps. Dimers, trimers and tetramers, all exist simul¬ 
taneously as short lived intermediates between single molecules and molecular clusters. 


EXERCISES 

3 1 Suggest explanations of the following statements : 

(i) Sodium chloride pieces are harder than sodium metal. 

(n) Copper is ductile and malleable but brass 16 lenacious. 

(in) Latent heat of fusion of solid carbon dioxide is much less than that of silicon dioxide 

(iV) Water has its maximum density near 277K 

(v) Ice floats on surface of water near the melting point 

3.2 Draw a diagram to show structural difference between the three types of cubic crystals. 

3 3 What are tetrahedral and octahedral holes in close packed stacks or spheres? What is the 
importance of these holes in crystals? 

3.4 X-rays of wavelength equal to 0,134 nm give a first order diffraction from 'he surface or a crystal 
when the value of 6 is 10 5° Calculate the distance between (he planes in the crystal parallel 
to the surface examined. 

3 5 Which of the following substances will conduct electricity in solid state and why ? 

(i) iodine, (n) graphite, (hi) diamond, (iv) sodium chloride, (v) mercury. 
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16 A soft solid A melts slightly above 273 K, it is a poor conductor of hca't and electricity. Solid 
B is quite hard and brittle It conducts neither electricity nor heat It can be melted about 
1100 K and on melting forms a liquid which conducts electricity and undergoes electrolysis To 
which ones of the following classes of solids do A and B belong and why "> 

(i) ionic (li) metallic (in) molecular (tv) covalent. 

3 7 In the following statements fill the blanks choosing appropriate words from the list (1) crystal 
habits (ii) amorphous (m) allotropes (iv) liquid crystals 

(i) Monoclinic sulphur and rhombic sulphur are two-of sulphur 

(n) A solid which melts over a broad range of temperatures is-in nature 

(ill) Crystals can be classified into seven basic- 

(iv) If a crystalline pure solid on heating forms a turbid looking liquid which on further heating 
forms a clear liquid, the first liquid form is known as- 

3 8 How is non-sloichiometric composition of compounds explained ? 

3 9 What are point defects in crystals and how do they develop ’ 

3 10 How may defective crystals of non-metallic substances become conductors of electricity 1 

3 11 List the advantages of alloy formation with examples. 

3 12 List four abnormal properties of water How arc these important for the role played by water 
in nature 1 
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More About Chemical Energetics 


The topic of chemical energetics was discussed earlier in Unit 6 of Part 1 The 
terms internal energy and enthalpy have been introduced there Here we shall try to 
develop a further understanding of energy changes in chemical reactions. 

41 CONSERVATION OF ENERGY 

Where does the heat evolved in a chemical reaction come from? When heat is 
absorbed in a chemical reaction, where does it go? In ordinary chemical changes energy 
can neither be created nor destroyed. If in a change some form 1 of energy seems to 
disappear, it should reappear in some other form. For example, in the operation of 
an electric fan the consumed electrical energy takes the form of mechanical energy 
which moves the blades. When energy in the form of heat is absorbed by a body or a 
system, a part of it may go into changing the internal energy of the system and another 
part of it may be spent in doing some work. This may be mechanical wprk of expan¬ 
sion, electrical work, magnetic work, etc. Since energy cannot be destroyed nor 
created we can write 

Heat energy absorbed by a system-Increase in internal energy of the system 

4-Energy spent by the system in doing spme 
work, where 

Work done by the system-Expansion work+Non-expansion work. 

The non-expansion part of work is usually directed into useful effects and is also 
called useful work. We can write the above information in a symbolic form as follows : 

Q-AE+W 

™ AE+W«ptnsion + Wnon-expansion .(4.1) 

where Q is the heat absorbed by the system, AE is the increase in its internal energy 
and W is the work done by the system on the surroundings. 

Change in internal energy corresponds to a sort of bank balance. When we deposit 
some money in the bank and draw part of it for expenses, then 
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Bank balance = Bank deposit—Amount spent 
or Bank deposit = Bank balance-j-Amount spent 
The bank deposit corresponds to absorbed energy, Q, while amount spent corresponds 
to work done, W, 

4 2 INTERNAL ENERGY 

Internal energy of a substance is made up of a number of components, such as 
(i) energy of translation of molecules, (ii) rotational energy of molecules, 
(i„) vibrational energy of molecules, (iv) coulombic energy of electrons and nuclei 
in atoms, and (v) interaction energy for constituent particles in the substance 

Molecules of a monoatomic gas possess only translational kinetic energy since vibra¬ 
tions and rotations are possible only with diatomic or polyatomic molecules. We have 

3 

seen earlier that kinetic energy of such a gas is equal to RT per mole of gas*, so that 

E k = —RT .(4.2) 

4.3 ENTHALPY 

A substance has to occupy a space in its surroundings according to its volume, V 
It does so against the compressing influence of prevailing pressure, P This gives a 
substance an additional energy, PV, of occupying space. The PV energy of a subs¬ 
tance taken along with its internal energy, E, is called enthalpy, H, of the substance. 
This enthalpy is given by : 

H = E , PV (4,3) 

Enthalpy of a substance includes its internal energy and the PV work term. 

If pressure is kept constant during a change, and no work other than expansion is done, 
we may write • 

AH = AE+PAV (4.4) 

And in terms of equation (4,1) we can write : 

Q - AE + PAV (4.5) 

Thus, for a change at constant pressure, the enthalpy change equals the heat absorbed 
by the substance, 

Since, for monoatomic gas, all the internal energy is accounted for by the kinetic energy of 
its molecules, we can estimate enthalpy, H, per mole of such a gas at a temperature T as: 

H =~RT-j- PV 
Since PV - RT, 

H= ~RT + RT = RT .(4.) 

By substituting the value of R and T in the above equation, the value of H is obtained. 

4 4 DIRECTION OF A SPONTANEOUS CHEMICAL CHANGE 

What is the criterion or the condition for a chemical reaction or any other change 
to occur spontaneously? We will try to answer this question in this section. For this 
purpose we shall examine some changes which are known to occur spontaneously. 
‘'Chemistry Textbook , Part I, p 80. 
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It is generally observed that a reaction like combustion pioc^?T^ffitaneously, 
releasing a large amount of heat. This would suggest that a spontaneous reaction 
will proceed in the direction of decrease in energy of the system In other words, a 
reaction will proceed spontaneously if the products have a lower energy as compared 
to the reactants. However, this does not appear to be universally true as Illustrated 
by the two cases given below 

(i) Some endothermic changes proceed spontaneously. Hea* is absorbed in 

them. 

Examples 

(a) Evaporation of water 

(b) Dissolving of potassium nitrate m v/atoi 

(iC Some spontaneous chemical reactions do not go to completion. 

Examples 

(a) H,(g) + I,(g) ^ 2HI(g) 

(b) CH,COOH(l)+ C,H s OH(l) -«a CK g COOC,H s (l) + 11,0(1) 

Mixing of two chemically non-renoting gases is a spontaneous process atf is observed 
in practice. It takes place without a change in temperature or energy. Consider two 
gases A and B in two containers connected by a harrow tube. The two initially separate 
gases are completely mixed up in the end. The final mixed up state of the gases is a 
state of maximum possible disorder (Fig. 4.1). 
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Fig. 4.1 Increase in disorder on mixing.of two gases. 


This example illustrates that a change may occur spontaneously, if it leads to increase 
in disorder even if no change takes place in enei gy of the system. It is an, accepted fact 
that there is greater disorder in the gaseous state as compared to the liquid state. 
That is Why evaporation of water is a spontaneous process although it is an endothermic 
process. 

It follows that the direction of spontaneous occurrence of a prbeess is dictated pot 
only by the direction in which energy is lowered but also by the direction in which 
disorder increases. An endothermic process can occur spontaneously provided, the 
extent of disorder outweighs the influence due to energy absorption. Is there any 
measure for disorder in a substance? 
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4 5 ENTROPY 

There is a property of substances called entropy which measures the disorder in 
them. It is denoted by S. The change in entropy of the system, Sfinal—^initial 
is denoted by SS It has been observed that in reversible processes, taking place under 
equilibrium conditions 

_Q_ AE + P AV 

T " 


AS = 


and for irreversible or 


T 

spontaneous 


..(4.7) 


processes, 


AS - Q/T 
orAS> AE+pav 

or AS >0 . (4.8) 

Thus, in naturally occurring changes a system tends to alter in such a way that the 
entropy of the system increases. In other words, processes occur spontaneously in the 
direction of increasing entropy. 

In order to correlate entropy and disorder we shall consider the processes of fusion 
and vaporization in the next section. 


4.6 ENTROPY OF FUSION 

The change in entropy when ice melts is given by 

Si-S. ^ASiub^-^ 5 - . (4.9) 

where S 1 is the entropy per mole of liquid water, S B the entropy per mole of solid ice 
(each at the melting point of ice), A^fus the enthalpy of fusion, and X t the fusion 
temperature of ice. Since A#im for melting of ice is 6025 J mol 1 and T t is 273K, 

. c 6025J mol- 1 . 

^Sfufl -- 273K. -~ J K- 1 mol 1 

The S.I. unit of entropy is joules per kelvin*. Since A^ius is positive, it follows that 
A Shu is positive and, hence, 5’ 1 >5 8 . 

The liquid state is a state of greater disorder than the solid state. Solids are charac¬ 
terized by ordered arrangement of molecular or atomic species in the crystal** whereas 
in liquids there is greater disorder. Thus, it is justified to believe that entropy is a 
measure of randomness or disorder. 

We will take another example to support the above point. The entropy of vapori¬ 
zation, S s —Sx~ A'S’vap is given by: 

ASv. P = .(4.10) 


•Earlier, entropy was expressed in units of calories per degree, 1 e. 1 calorie per degree was called 
1 entropy unit (abbreviated to e u). 

•*Chemistry Textbook, Part I, Unit V, p. 73, 
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where &H va ,p is the enthalpy of vaporization per mole and 7\, the boiling point in 
kelvins. For diethyl ether, A^v»p “27.2 kJ mol -1 and 7b=*308 K. Hence, 

ASvsp « 27 2 3 ^g o1 - - .0883 kJK -l moI -1 ■= 88.3 JK~» mol-‘ 

Here again, A$«p is positive suggesting that 

Sg>S 1 .(4.11) 

It is known that the gaseous state is characterized by a far greater disorder than the 
liquid state where a certain degree of order persists. Here again, entropy can be taken 
as a measure of disorder, randomness or chaos in the system. 


4.7 KLEE IENERGY 

For a further understanding of spontaniety in changes, we introduce here a new 
function called free energy of the stsyem. It is denoted by the symbol G 
and is also known as Gibb’s free energy. Relations of G to the functions E, H, S and 
T are given bytthe following equations : 

G = H — TS .(4.12) 

- E PV-TS 

and AO- AH-A (IS)-AE+ A (FV)- A (TS) .(4.13) 

For a change under constant pressure and temperature conditions, the term A (fF) 
can be replaced !by P £±V an d the .term A (TS) by T A S. We can then write : 

(ag) tp = ae + pav~tas 

“A h - t AS .(4.14) 

For a spontaneous change, the most helpful conditions are an increase in entropy 
and a decrease in energy or enthalpy of the system. Under these conditions, A H is 
negative and A5 is positive and, according to Eq. 4.14, A G should be negative. Thus, 
in a spontaneous change, f>ee energy of the system always decreases. For a spon¬ 


taneous change : 

(AG) T p < 0 . (4.15) 

and under equilibrium conditions 

(AG) T>p “0 .(4.16) 


4.8 PHYSICAL SIGNIFICANCE OF FREE ENERGY 

The relationship between heat absorbed by a system, Q, the change in its internal 

energy, A E, and the work done by the system, is given (vide Eq. 4.1) by : 

Q =» a E 4 - w 4 - w 

r expansion ~ non-expansion 


The expansion work under constant pressure condition is given by P&V. Hence 
Q - AE + PAV + W noMxpM!i01 , .. 


-AH + W 

1 non-expansion 


.(4.17) 
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When a change is carried out reversibly at a temperature T, 

AS = (vide Eq. 4.7) 

or Q = TAS . (4 18) 

Substituting for Q from Eq. 4.18 into Eq. 4.17 gives 
TAS AH + ^ no n-expansion 

or A H-TAS=^W non . expansion .(4 19) 

Also, for a change taking place under a condition of constant temperature and 
pressure , 1 


(AG) V = AH-TAS (Vide Eq.4.14) 

Comparing Eqs. 4.14 and 4.19, we have ■ 

(^ G ) T ,p ~ — ^non-expansion .(4.20) 

For most changes the work of expansion cannot be converted to other useful work, 
while the non-expansion work is convertible to useful work. Eq. 4.14 may be rearranged! 
to : 


AH = A<? + TAS .(4121) 

Thus, the energy change in a system under a constant pressure condition, £,H, is 
equivalent to two types of work, the non-expansion or useful work (AG) and the work 
of expansion of the system or the non-available work (T&S). Rearranging Eq. 4.20, 
we have : 

^non-expansion = — (&^) TjP 

Thus, the decrease in free energy of the system duringany change, /\G, is a,measure 
of the useful or net work derived during the change, we may generalize to say that the 
free energy, G, of a system is a measure of its capacity to do useful work. It is,a part of 
the energy of the system which is free for conversion to useful work and is, therefore, 
called free energy. » 

If in a process the enthalpy increase be £±H and free energy increase be AC, the 
efficiency of the process to do useful work would be AC/AH, or 

Efficiency =AP Useful! work obtainable from' the system 
AH Total energy absorbed by the system 

Work efficiencies of some of the power devices axe given below. 

Device Efficiency ( %) 


Heat engine 

30 

Electricity to light 

40 

Dry cell 

70 

Fuel cell 

100 


4.9 CONDITIONS FOR EQUILIBRIUM AND SPONTANEOUS CHANGES 

The conditions for equilibrium and spontaneous occurrence of processes are sum 
marized in Table 4.1, 
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TABLE 4.1 

Conditions for Equilibrium and Spontaneous Changes 


Equilibrium 
(") B ,v “° 

vm T>P “ 0 


Spontaneous change 

^E,v >0 

fdG) T, P <« 


Change in Gibb’s free energy is given by : A<J = A^-FAS (vide Eq. 4.14). 
Here, the term A H Stands for energy change and the term T&S stands for change 
in extent of order existing in the system. The energy term balances the disorder term 
at equilibrium. fn' a reversible chemical change, equilibrium state is reaphed wheh 
A# balances IT AS. Then, i\G for diversion in either direction will be zero 

(Fig. 4.2). 



'Fig. 4.2. Equilibrium balance. 


4.10 PREDICTION ABOUT A REACTION 

Only those processes can occur spontaneously for which free energy change is 
negative. On the basis of this statement and Eq. 4.14, A Q - A# — T&S, follow¬ 
ing conclusions can be drawn : 

(i) If, for a particular process, A^f i* negative and AS is positive, &G will certainly 
be negative. Thus, a reaction or a process, for which entropy of the products is greater 
and the energy is less than that for reactants, would occur spontaneously. 

(ii) If both A H and A s are positive, the process can occur spontaneously only 

when : T£\S is greater than A^ s0 w *ii b* negative. 

(iii) if &H is positive while A S is negative, A 0 will be positive and the reaction or . 
the process cannot occur, These conclusions are summarized in Table 4.2. 

TABLE 4 2 . 


Conditions for Spontaneity In a Reaction 


Sign of A H 

Sign of A S 

Occurrence of reaction 

+ ; increases 

+ ; increases 

Reaction occurs only If 

TAS> A# 

- ; decreases 

- , decreases 

Reaction occurs only if 

* 

&H>T&S 

+ ; increases 

- , decrees - 

Occurrence impossible 

- ; decreases 

i , increa'itfl 

Reaclion occurs 
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4,11 PROBABILITY OF A CHANGE AND TEMPERATURE 

We can use Eq 4 14 for predicting whether a change can occur at a particular tem¬ 
perature, To illustrate this point, consider the case of vaporization of water, i.e. th* 
process , 

H a O(l) H 2 0(g) 

at 1 atm pressure, A H for this process is 40 63 kJ mol -1 and £\S is 108 8 JK 1 mol _l 
Hence, 

A<5 = 40.63 x 10 3 J moh* - T K x 108 8 JK 1 mol ’ 1 
.The equilibrium condition under l atm external pressure is that of boiling water At 
this temperature the change will*occur reversibly and A G w iH be zero The tempe¬ 
rature at which /\G=*0 is, therefore, given by 


40,63 x 10 s 
108 8 


373.4 K 


This result is very close to the boiling point observed for watei under 1 atm pressure 
Now, when Tis above 373 4K, AG is less than zero and the vaporization will occur 
spontaneously and continuously 


4.12 PREDICTING THE SIGN FOR AH 

We can qualitatively predict the sign of /\H for a change on the following lines 

(i) Reactions in which bonds are formed are invariably exothermic. The reaction, 

Kg) + 1(g) -> I 2 (g) 

is exothermic, since an I — I bond is formed 

(ii) Bonds between atoms of different elements are usually stronger than bonds 
between atoms of the same element Hence, the enthalpy change for a reaction leading 
to the formation of bonds between unlike atoms starting with homoatomic molecules 
would be negative Thus, for the reaction 

H-H(g) + Cl-CI(g) -> 2H—Cl(g) 

A H should be negative and so it is an exothermic leacliOn 

(m) If more bonds are broken than formed in a reaction, it will usually be accom¬ 
panied by absorption of heat and A H will be positive Thus, the following reaction 
' would be expected to be endothermic 

CH 3 CH 2 OH(g) -* CH 2 = CH a (g) + H a O(g) 

Calculation of actual A H can be made with the help of bond-eneigics. (Sec 
Parti, Sec. 6.8) 


4 13 PREDICTING THE SIGN FOR AS 

The sign of A6* for a reaction i^jknown from the difference between the entropies 
of the products and of the reactants £ products - ^ reactants Prediction is possible 
in some cases such as the following," 
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(i) AS would be positive for a reaction where the number of molecules of pro¬ 
ducts exceeds the number of molecules of reactants, as in the following reaction : 

2SO a (g) -> 2S0j{g)-f-0,(g) 

less number of greater number of 

molecules, molecules, 

less entropy greater entropy 

Here, two molecules of the reactant produce three molecules of the products. 

(ii) AS would also be positive when a solid decomposes to give ofie or more gases 
amongst the products, 'is in the following case : 

MgCO/s) -* MgO(s) + CO,(g) 
less entropy greater entropy 

(tit) AS would be positive when a solid melts or sublimes or when a liquid boils or 
evaporates in view of greater disorder in the molten and gaseous states. 


EXERCISES 

4.1 What do you mean by the law of conservation of energy ’ Write a mathematical relationship 
between heat, internal energy and the work" done by the system. 

4.2 State whether each of the following will increase or decrease the total energy content of a system . 

(i) work done by the system, (ii) heat transferrer to the surroundings, (lii) work done on the 
system, and (iv) against an external pressure. 

4.3 Correlate entropy and disorder with the help of fusion and vaporization processes. 

4 4 What do you understand by (he term free energy ? What (s its physical significance ? 

4.S Explain the following terms in brief : 

(i) Enthalpy 

(ii) Entropy 

(iii) Free energy 

4.fi How will you predict the occurrence of a change at a particular temperature ? Explain it with 
tbe help of an example. 

4.7 Calculate the change in E, H, S and G for the expansion of 10 moles of an ideal gas from 10 litres 
to 224 litres at 273K, expanding against an external pressure at 1 atm 

4.8 What is the entropy change for the conversion of a mole of ice to water at 273 K, and 1 atm 7 

4 9 Describe the conditions at which any or all of the followings may be zero- Q, W, A E - S, 

A S, and A G. 

4,10 (a) Write an expression for the free energy change of a chemical reaction and discuss the signi¬ 

ficance of the expression. 

(b) Show that the change in free .energy is equal to (he net work done, 

4.1 L Calculate the entropy change involved in the conversion of 1 mole of liquid water at 373 K to 
vapour at the same temperature. (Lstent heat of vaporization, A^vap—2.257 kl/g) 

4.12 For the reaction, AgjO(j)^2Ag(i) -)- ) 0*(g), calculate the temperature at which flee energy 
change (AG) is equal to zero. 

(A/f=-f30.56kJ and A^=-(-0,066kJ at 1 atm pressure) 

Predict also the nature of the reaction at this temperature and below it 
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Kinetics of Chemical Reactions 


You are now familiar with a number of organic and inorganic reactions. During 
laboratory work you would have observed that certain reactions are fast while others 
are slow In this unit, we shall consider : (i) How we can measure the speed of 
a reaction ? (ii) How the speed of a reaction is related to concentrations of the 
reactants and products ? and (iii) Other factors on which the speed of a reaction 
depends. 

This information will enable us to predict the rates of reactions and to control them 
by altering the parameters on which reaction rates depend. 

5 I SLOW AND FAST REACTIONS 

Rusting of iron and burning of fuel are both oxidation reactions. The first is a 
typical slow reaction while the second is an example of a fast reaction. The reaction 
between dry hydrogen and chlorine gases in the absence of light is an immeasurably 
slow reaction, but it becomes explosive when a tr."''e of sodium vapour is introduced. A 
rough idea about speeds of reactions can be obt ined by knowing the times of com¬ 
pletion of reactions Thus, at room temperature the reaction : 

2N0 a -f-0 3 —► NjOj-f-Oj 

is completed within 1/10 of a second, whereas the completion of the reaction • 

H 1 -(-OH - -> H s O 
takes less than a millisecond. 

5.2 RATES OF REACTION 

The first major question is how to define the rate of a reaction. 

The rate of a reaction li$ A->B could be set as the amount of A transformed or the 
amount of B produced tiuring a time interval The amount of A transformed will 
depend on the initial amount of reactant, and the length of time interval chosen. 
Therefore, itis found to be more convenient to specify the rate of a reaction in terms of 
concentyation change per unit time. Accordingly : 
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Rate of reaction 


At M 


API 


(5-1) 


At ' At 

Minus sign in the above expression is used to indicate a decrease m concentration 
with increase in time. The use of square brackets 
around the formula of a substance stands for its con- 
centration This way of defining rate of a reaction 
would have been right if the concentrations of A and B 
changed linearly as shown in Fig 5.1. 

Except in a few cases, the concentrations o f reactants 
and products in chemical leactions do not change linearly 
with time. The type of variation usually observed is as 
shown in Fig. 5.2 for decomposition of N a O t in CCI 4 
medium, viz 2N 1 O t = 2N s 0 4 +O, 



Fig. 5.1 Hypothetical vari¬ 
ation of A and B wjth time 
du^ng reaction 


The experimental values of concentrations of N a 0 5 and O a at various times are 
recorded in Table 5.1 


TABLE S 1 

Decomposition of N,O s in CC1« at 318K 


Tim* (sec) 

(moles jlitres.) 

[NjOjj 

(:nole«/litres. 

k 

(sec-i x 10*) 


0 

0.00 

3.33 

— 


82 

014 

5.0i 

6 97 


162 

0.27 

4 78 

6 Ci7 


409 

0.62 

4.06 

6.37 


604 

096 

3 36 

6 37 


1129 

i.44 

2 37 

6,67 


1721 

1.83 

1,57 

fc.95 


1979 

1 94 

1.36 

699 


139* 

2.34 

0,33 

6 49 



It is apparent from Figs. 5.2 (a) and 5.2 (b) that since the slopes of the curves change 

with time, it h not possible to fix the reaction rate by— or 

over finite tim e intervals. We can only talk sensibly or a reaction rate over a small 
time interval during which the slope of the line and, hence, ,tht rate of reaction is almost 

constant. Mathematically, such rates are denoted by — and ■■ - p -' 

whejft d[N f OJ or d[OJ denotes a very small change in concentration ir. a very small 
time, interval df. To give unique values of reaction rates, the rates as defined above 
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Fig S 1 (a) Variation of [N a 0 6 ] with time (b) Variation of'IO a '] with time 

are further divided by the index numbers of molecules in the stoichiometric equation 
for the reaction. Thus, for the decomposition of N,O lt we find that 


d[N 2 OJ _ d[N 8 OJ 2 d[O a l 

dt ' dt dt 


Hence for having equal or unique value of the reaction rate independent of the con¬ 
centration term chosen, we should define the rate of this reaction (vide Eq. 5.2) as : 

Rate of reaction — —{ 

i ^[N a OJ 
dt " 


d[0,] 
dt 


.(5.3) 


A very general symbol used for rates of reactions is , where x is decrease in 
concentration of reactant or one of the reactants due to reaction upto time t. 


5.3 DEPENDENCE OF REACTION RATE ON CONCENTRATION 

Let us again consider Fig. 5 2 (a). The slope of the curve at any instant would be 
d [N 2 O s ]/dt or d [OJ/df, which would be a measure of the reaction rate at that instant. 
Whereas the slope is constant in Fig. 5.1, it is not so in Fig. 5.2 (a). In fact, in the 
latter case, the value of slope progressively decreases as the concentration of N a O a de¬ 
creases. This shows that the rate of reaction depends on concentration of the reactant 
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N,0 6 . Fig. 5.2 (a) suggests that log [N s O s ] or In fN»O rt ] values would, be proportio¬ 
nal to time. In order to test it, we have plotted log [N,OJ against time (/) in Fig. 5.3, 
where the expected straight line is obtained The slope of this straight line is cons¬ 
tant and negative. Thus, we may write : 



Fig. 5.3 ' Plot of log [N|0|] against time, i. 


d ln[N t O,] 
dt 

Mathematically, d in 


= constant - k 

—— dx. Hence, 

jr 


.(5.4) 


and Eq. 5.4 takes the form : 
l . d[N,OJ 

3t * 

- = k [NA1 


or - 


[H7o 3 ] 

d[N,O tt ] 

dt 


.(5.5) 


Alternatively, = k[N 4 OJ 

From this it follows that the rate of reaction is proportional to the first power of con¬ 
centration in the case of decomposition of N,0, A relationship as shown tn Eq. 5.5 



62 


chemistry 


is called rate equation or rate law for the reaction To be more exact, it is the differen¬ 
tial form of the rate law 


The rate laws for most of the reactions are not as simple as Eq 5.5. 
saponification of ethyl acetate, 

CH a COOC 2 H 6 +OH-—>CH 3 COO-+C a H 5 OH 
is described by the rate equation : 

_d[CH 3 COOC 2 H 6 ] 


The rate of 


dt 


= k[CH 3 COOC 2 H 6 ][OH-] 


Similarly, rate equation for the reaction between nitric oxide and oxygen, 
2N0 2 , is given by . 


d[NO] 

dt 


k [NO] 2 [OJ 


For any general reaction, aA-f-dD—>cC, we can write : 


2NO i 0 2 . 


~ = k [A]“ [D]" .. ( 5 6) 

where m and n are constant numbers for a reaction and may be integeis or fractions 

The constant m is said to be the order of reaction with respect to reactant A and n 
the order of reaction with respect to D. The sum (m-j-n) denotes the total order of the 
reaction. Thus, saponification of ethyl acetate is a second order reaction, while the 
combination of NO and 0 2 is a third order reaction. 

In the rate law equations the factor k is given a number of names, the most common 
being rate constant for the reaction and specific reaction rate. Numerically, it equals 
the rate of the reaction when all the involved epneentration terms equal unity 

For the general first order reaction, A~>B, if a stands for the initial concentra¬ 
tion of A and (a-*) for the concentration of A at any time t, following Eq 5 5, we can 
write ' 


d(a—x) 
dt 


= k (a—x) 


...(5.7, 


A,s0 ^r =k ( a -*) 


•<5«) 


or 


dx 

(i=i) 


= k dt, 


which on integration yields: 

— In (a—x) = kt-|-oonstant I (5 9 ) 

We know that when / = 0, x = 0. Substitution of this condition into Eq. 5.9 gives 
a value of —In a for the integration constant I On making this substitution, Eq. 5 9 
can be written as : 

— In (a— x)=kt— In a 
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This may be arranged as 
a 


In 


= kt 


a—x 

i 1 , a 

or k--- In- 

t a—x 

In terms of common logarithms Eq 5 lo would become 
a 


2.303 log 


a—x 


= kt 


.(5.103 
(5 ll) 


(5 12) 


Eqs. 5.11 and 5.12 are two expressions tor thp integrated rate law relating to ttrsi order 
reactions The reaction rate in such reactions is proportional to the first power of con¬ 
cent! ation of the reactant (Eq. 5 8) Radioactive decays are first order processes since 
the rate of any decay at all stages is proportional to the number of undisintegrated 
ancle, present. Values of k calculated for decomposition using Eq. 5.12 are 
shown in the fourth column of Table 5.1. The nearly constant value of k confirms 
that decomposition of N,0 5 is a first order reaction. 

Integrated rate laws can also be developed for reactions of orders higher than one, 
but.tney art 1 not being taken up in this course. 

Example 5.1 

Experiments on the catalytic decomposition of hydrogen peroxide by colloidal 
platinum gave the* following results i 

Time ( min ) KMnO i in ml to decompose 

20 ml ofH t O t 

0 18.0 

5 14.0 

10 10.5 

20 6 6 

Show from the data that the catalytic decomposition is a first order reaction and deter¬ 
mine the value of the rate constant 
Solut on 


Heie, a oc titie value at zero tmeir-0), : e. ISO mL and'(a- r) (/C uue value at 
timer Substituting the values of a and (o— x) and t in the Fi<‘»r order rate equation 
we get : 



t 

(min) 

a 

(a—x) 

. 2.303 

k - - - - 

log —— 
a— k 

(1) 

5 

18.0 

14.0 

, 2.303 

k - 5 

18 

log 4 = 0 05020 

00 

10 

.18.0 

10.9 

. 2.303 

k - -15- 

l°B 1^“ 0.05018 

(iii) 

20 

18,0 

6 6 

2.303 
* ~ 20 

iog-^- ^=0.05018 
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As the values of k are same, the reaction is of first order. 

The value of the rate constant is 0 05019 min -1 or 8.36 x 10~ 3 sec -1 

5 4 HALF LIFE OF A REACTION 

The time in which half of a reaction is completed (or half the reacting quantity of 
any of its reactants is consumed in the reaction) is called half life period or simply half 
life of the reaction. From Eq 5.11, we can determine the half life period for a first order 
reaction. At the end of the half life period, the initial concentration, a, will be 
reduced to all. Then, x and (a-x) will both be equal to ajl. Let the half change 
time lie denoted by t\ On the basis of Eq. 5 10, we can write 1 


H = T" In 1 


k ln a/2 
- J' 303 J°Sl _1303_x 0.3010 


0,693 


(5.13) 


k ' k k 

Since, the initial concentration of the reactant does not occur on the Tight hand aide 
of Eq. 5.13, it follows that for a first order reaction, time for half change is indepen¬ 
dent of the initial concentration of reactant. 

We can, in the same manner, estimate the time for any other fraction of reaction 
such as one-third change. Substituting a/3 for x in Eq 5 10, we get . 


1 i 3 

T n T : 


2.303 


log 1.5 = 


0.405 


(5.14) 


0.693 

r~ 


where k is the rate constant. 


k ~T 

The time for one-third change is also independent of initial concentration of reactants 
and so is the time for any other fractional change for a first order reaction. 

Example 5.2 

The reaction, SQ,Cl,->-SO,-fClj, is a first order reaction. The time required to 
decompose SO,Cl, by heating to 50% of its initial amount is 60 minutes. Calculate 
the rate constant of the reaction at 590K. 

Solution 

Half life time of a first order reaction = 

. 0.693 

* ~~ H 
0.693 

- m®**" 

= 3.2 x 10~ 5 sec -1 

The rate constant of the reaction is 3.2 x 10-® sec -1 
5.5 UNITS OF REACTION RATES AND RATE CONSTANTS 

n ° f reaCti ° DS deDOte the Change ln conccntra tion of a specified reactant or 
LJTJ °! reaCtl ° n Per Umt t,me ' Hrocc ’ rates of reaction6 are expressed in. terms of 

•»<,. If the cottcm,ration b,?xp ^VZu 
rt 1,4 t rae “ u* »mt for the rate of a'reaction will be mol litte-t see-'. 
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The units for a first order rate constant can be determined on the basis of Eq. 5 11 
Since In aj{a-x) is a dimensionless pure number (because both a and (a-x) would be in 
the same concentration units), units for k would be sec-', min- \ etc., depending on 
how time is expressed However, the units of k for second and third order reactions 
would be different. These are indicated in Table 5.2 

TABLE 5.2 


Units of Reaction Rate Constants 


Order of reaction 

Typical rate law 

Units for k 


(differential) 

(integrated) 


First 

d m-=WA) 

.. 1 d[A] 

[Aj a 

SCC-1 

Second 

~^" ==klA1 * 

1 . dIAl 
[A) 3 dt 

litre mol-i sec-i 

Third 

d ~ar L klA!1 

, 1 d [AJ. 

[A] 3 dt " 

litre 3 mol-* sec-i 


5 6 ORDER AND MOLECULARITY OF A REACTION 

The molecularity of a reaction is the number of molecules of the reactants taking 
part in a single actual step of the reaction. Stoichiometric equation for a reaction 
indicates the net change in the reaction. It may have arisen from a combination of a 
number of individual reaction steps ' Thus, it will not be reasonable to use a stoichio¬ 
metric equation for deciding the molecularity of a reaction \ When one. molecule of 
the reactant is involved in a step of the reaction, such a reaction is called unimolecular 
reaction On the other hand, when two molecules take part in a step 6f the reaction, 
such a reaction is called a bimolecular reaction. Most reaction steps are bimolecular, 
some are unimolecular Tefmolecular reaction steps are rare. Stoichiometric equa¬ 
tions involving three or more molecules are, however, quite common 

Information about the order of a reaction is obtained from its rate equation, and 
rate equations are based on experimental data. They are independent of, and often 
unrelated to, reaction stoichiometries. Order of a reaction is equal to the sura Of the 
indices to which the concentration terms are raised in the rate equation for the reaenon 
Eq 5.5 indicates that the decomposition of N 2 0 5 is a first order reaction. Itshquldbe 
noted that when stoichiometric number of molecules of reactants in a reaction is 
different from its order, the reaction occurs,in steps, which cannot be suggested by the 
stoichiometric equation -for the reaction A knowledge of steps involved in a reaction 
is gaffed mcchaniim of the reaction. 

5.7 FACTORS AFFECTING RATES OF REACTIONS 

The rate of a reaction is influenced by : (i) concentrations of reactants, (pi) tempe¬ 
rature, (lii) presence of a catalyst, and (iv) exposure to radiation and radiation intensity, 
A qualitative discussion of these influences follows, 
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58 REACTION RATES AND CONCENTRATION CHANGES 
Consider Eq. 5.6 : 

[A] » [D j n 

It is obvious from this equation that when the concentration factor [A] or [D] in¬ 
creases, the rate of reaction will increase proportionally. How it happens would become 
clear if we consider a reaction in gas phase. The reactant molecules move about 
with great speeds. During their movements they frequently collide with each other 
and such collisions are the most important requirement for a chemical change. Greater 
the concentrations of the reactant molecules, greater would be the number of reactant 
molecules per litre and hence greater would be the number of collisions between 
molecules per litre per second. Consequently, the rate of a reaction would become 
more when the concentration of any of its reactants is increased 

5.9 REACTION RATES AND TEMPERATURE CHANGES 

With an increase in temperature of reactants from 298 to 308 K, molecular velocities 
increase by about 2% and, hence, the collisions between molecules would also increase 
by 2%. This would increase the reaction rate, but only to a small extent. Actually, 
temperature changes influence rates of reactions much more and more steeply than 
concentration changes. Roughly, the rates of reactions and their rate constants 
become double when the temperature is increased by ten degrees. 

Rate constants for the gas phase decomposition of nitrogen pentoxide at different 
temperatures are given in Table 5.3. 


TABLE 5.3 


Rate Constants for Gas Phase Decomposition of NjOj at Different Temperatures 


T(K) JpXlOa 


k x 10 s (sec-i) log k 


338 

328 

318 

308 

298 

273 


2.959 

3.048 

3.145 

3.247 

3.357 

3.663 


487.0 
150.0 
49.8 
13.5 
3.56 
0 0787 


-2.313 
-2.824 
-3.303 
-3 871 
-4.461 
-6,104 


The rate constant at 273K is 7.87 x 1(H sec- 1 , while at 298K its value is 3.46 x 10-* 
sec- 1 . Thus, for a rise of 25°, the rate constant is increased by about 43 times. It is 
obvious from Table 5.3, that the increase m the value of k with rise in temperature is 
very rapid and this increase cannot be explained on the basis of an increase in the num¬ 
ber of collisions on increasing the temperature It appears to be an exponential increase 
shown by the k versus T plot [Fig, 5.4 (a)]. 

In order to determine a quantitative relationship between rate constants and tem¬ 
perature, we plot log k versus 1 jT [Fig. 5.4 (b)]. 


k x 10' 
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Fig 5 4 (a) Variation of k with temperature 
(vide Table 5,3). 



(b) Plot of k versus reciprocal of kelvm 
temperature, 


Since a straight line is obtained in this graph, we can write : 

log k = —B/T -)- constant K .(5.15) 

Arrhenius found that when natural logarithms of k or 1 n k, values are plotted against 
\/T values, the slope constant j3 in Eq. 5.15 becomes equal to E/R, where R is the 
familiar gas constant and E an energy factor. The added or intercept constant in 
Eq. 5.15 can then be set in a logarithmic form, say In A. Thus, Eq. 5.15 may be 
written as : 


In k = ln A— 


RT 


or k = A e 


“e/rt 


(5.16) 


Eq. 5.16 is called the Arrhenius equation, and the factor A is related to the number 
of binary molecular collisions per second per litre and is called the frequency factor of 
the Arrhenius equation. The exponential energy factor E denotes the minimum energy 
that reacting molecules must possess individually on per mole basis, before their colli¬ 
sions can result into a chemical change. This minimum molecular energy is called the 
activation energy of the reaction and is sometimes assigned the symbol E a . The acti¬ 
vation energy requirement immediately explains two things : 

(i) Why all molecular collisions are not effective for chemical change ? 

(ii) Why reaction rates are very highly sensitive to temperature changes ? 
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Fig 5.5 shows schematically how the molecules in a gas are distributed energy-wise. 

We suppose that all molecules possessing velocity 
greater than the threshold velocity and possessing a 
minimum energy of 1/2 me 2 per molecule (where m 
is the mass of the molecule) would be successful in 
bringing about a chemical transformation The 
threshold energy is equivalent to factor E of Eq. 5.16. 
Again, from the kinetic theory of gases, it is found 
that the fraction of molecules having energy lying 
in the range E to E+dE is just e~ E / RT . Hence, 
if total binary collisions in a gas per second per 
litre, or the frequency of collision, be Z, 

Ze‘ E / RT .(5.17) 

.(5.18) 

C. 

. (5 19) 



Fiij 5 5 Distribution of molecules 
according to energy (dotted line 
separates optimum energy region) 


Effective collision - 

Hence, rate of reaction = Ze" E ^ RT 
For a bimolecular reaction, A -f- B- 
Rate of reaction = k[A] [B] 

k[A][B]=Z.e" E / RT 


or k = - 


-e/rt 


.(5 20) 


[A] [B] 

which is similar to Arrhenius equation (Eq 5 16) with A=Z/[A] [A]. As the energy- 
wise distribution of molecules in a gas is an exponential function of temperature, a 
small increase in temperature rapidly increases the number of molecules with energies 
E and above This explains why the rates of reactions increase steeply when tempe¬ 
rature increases. _ OQ 

5.10 ORIENTATION OF MOLECULES AND 
EFFECTIVE COLLISION 


s- -8 


bO 


It has been found in many cases that the predicted 
values of the rates on the basis of Eq. 5 18 are much higher 
as compared to experimentally observed values. This is 
due to the fact that a large percentage of collisions become 
ineffective if the colliding molecules are not in proper 
orientation at the actual time of collision (Fig. 5.6) 

Consider the reaction, CH 3 I+K->CH 3 -fKI, between 
beams of molecules of methyl iodide and potassium. It 
has been experimentally observed that when K atoms hit 
the iodide end of the molecule, the reaction rate is much 
faster than when K atoms strike the methyl end of the 
molecule. Thus, in order to have r" effective collision, the 
leactant molecules must be in proper orientation at the 
tune of colliding. In order to take this factor into 
account, Eq. 5,18 is written as . 


Effective collision 

(a) 

j&y 
8 

Ineffective eollision 

(b) 

Fig. 5 6 Collision between 
molecules resulting in 
chemical change 
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Rate of reaction = p.Z. e _E / RT .(5.21) 

where p is called the probability or steric factor 

5.11 ENERGY BARRIER AND ACTIVATED COMPLEX 

We shall further explore the significance of energy of activation. Let us consider 
the reaction, H 2 +I 2 -h>- 2HI, and try to imagine its course During collision, H 2 and I 2 
molecules would come near each other and, prior to the formation of HI, the bonds 
between atoms in hydrogen and iodine molecules would be loosened due to molecular 
interactions and an intermediate complex will be formed as shown in Fig 5.7. 


0.74 k 
H-H 


I 


+ 

2 66 A 


0.7?A 
K-H 


/ 

/ 

/ 

/ 


/ 

/ 

I— 


2.95 A 



Fig 5.7 Hydrogen-iodine activated complex 


H H 


1.60A 


+ 

r r 


1.60 A 


In the formation of this complex, the H.. . .H and I .I distance; will be 

longer than the bond lengths in hydrogen and iodine molecules. This state would be 
highly unstable and the complex can break into two HI or H 2 and I 2 molecules depending 
on a chance happening. Such a complex is called an activated complex. If we plot 
the potential eneigy as a function of progress of reaction (defined by the extent of 
approach of the reactant molecules), the curve described in Fig. 5.8 is obtained. 



'+>on Progress —> 

Fig. 5,8 Potential energy diagram for H 2 and I 2 reaction system (an endothermic reaction). 
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Initially, the reactants, H 2 and I s , are in a stable situation when far apart and the 
potential energy of the system, E k , is minimum'*. When H a and I 2 molecules start 
approaching each other, the system becomes unstable and potential energy starts in¬ 
creasing. The potential energy attains a maximum value, E M when the activated 
complex is formed, Again, the potential energy decreases when the complex breaks 
into two molecules of HI. The potential energy goes on decreasing till the two mole¬ 
cules are sufficiently separated and another minimum value, E P is obtained for the 
product molecules. From Fig. 5.8, it is apparent that, for the production of HI from 
H 2 and I 2 , the potential energy of the reactants has to be first enchanced from Eg to 
E a , The difference E k —E K is called the energy barrier for the forward reaction and 
is equal to activation energy (£ a )t for the forward reaction. Similarly, the activation 
energy for the back reaction would be equal to E A -E ? or (£ a )b- The diagram also 
gives an idea about the sign of the energy change, E T -E R during the reaction. In the 
present case, energy is absorbed in the forward reaction, and this reaction is endother¬ 
mic. In case of an exothermic reaction, potential energy diagram would be as shown 
in Fig 5.9, Here E A for fhe activated complex is again the largest energy factor, but 
£ p is less than such that E ? -E R or &E for the reaction is a negative quantity. 



Fig 5.9 Potential energy diagram 
for exothermic reaction. 


Thus, we find that energy of activation for 
any reaction is the difference between the poten¬ 
tial energy of the activated complex and the 
potential energy of the reactants. Unless the 
colliding molecules have energy greater than this, 
the energy barrier cannot be crossed and the 
product molecules cannot be obtained. As point¬ 
ed out earlier, the fraction- of molecules having 
.energy greater than the energy of activation is 
quite small and hence all collisions are not effec¬ 
tive. Reactions involving free and reactive atoms 
have low or zero values for energy of activation 
and, in such cases, al or most molecular collisions 
become effective col isions. 


5 12 INFLUENCE OF RADIATION ON CHEMICAL REACTIONS 

It was pointed out in Section 5.1 that although the dark reaction between H, ana 
Clj is extremely slow, it becomes explosive when the reaction mixture is exposed to 
sunlight. Chlorine 'molecules absorb energy from light waves and, hence, become 
activated enough to decompose into chlorine atoms which are very reactive. Subse¬ 
quently, a chlorine atom reacting with hydrogen molecules produces one molecule of 
HC1 and a hydrogen atom, The hydrogen atom in turn reacts with a chlorine molecule 
producing another HCI molecule and a chlorinq atom, and in this way a reaction chain 
is set up and the reaction rate becomes very fast, 


*s known from a study of mechanics that potential energy is minimum in the stable state, 
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The sequence of steps can be represented as follows 


c ', 1 --—--" 2C1 * 

Cl*-I-H,->HCI-l H* 


H*+Cl,-vHCl fCl* 

m+h*+h*— 

M-|-Cl*-j-Cl*- vM+CI 2 


The last tvfo reactions are responsible for the termination of the chain reaction w 
M is the third (inert) body on. which the recombination of atoms takes place.' 


5 13 INFLUENCE OF A CATALVST ON RATE OF REACTION 

A catalyst is 'a substance which increases the rate of a reaction without being used 
up in the end It can be recovered practically completely when the reaction is over. 
Presence of a catalyst in a reaction does not change its stoichiometry. If a. reaction is 
not pernhtted by thermodynamic considerations, it cannot be helped by a catalyst. 
Catalysts help only the spontaneously possible chemical reactions It is not ihe mere 
presence of a catalyst that enhances the rate of the reaction. A catalyst actually parti¬ 
cipates in the reaction scheme. It is consumed in one step and regenerated in another 
subsequent step. A catalyst operates by providing an alternative mechanism for the 
reaction This mechanism involves a step or steps with lesser activation energies than the 
uncatalyzed reaction (Fig. 5,10) Thus, Tor the same total number of molecular collisions, 
a much larger fraction proves as effective collisions in case of catalyzed reaction. 



.Fig. S' 10 Potential energy diagram for catalyzed and uncatalyzed mechanism lor a reaction 
(Dotted line ourve shows catalysed reaction whereas solid line qirve shows aincatalyzed reaction.) 

*Chemistry Textbook, Part I, p. 241. 
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Fig. 5.10 shows that (i) the reaction is an exothermic one, (h) activation energy 
without the catalyst, is more than the activation energy (£’&)c when the catalyst 
is present, (iii) the energy change, A E, is the same for the catalyzed and uncatalyzed 
reactions, and (iv) energy of activation of the forward and the reverse reactions are 
decreased by the same amount when the catalyst is present. A catalyst enhances the 
forward and the reverse reaction rates to the same proportion. 

Table 5 4 shows that the energies of activation are considerably reduced in catalyzed 
reactions 

TABLE 5.4 


Activation Energies of Some Catalyzed Reactions 


Reaction 

Catalyst 

Energy of activation (kJ/mol) 

2NH 3 -?£Nj+3Hj 

None 

326 

W 

163 


Mo 

.134-176 


Fe 

159-176 


Os 

197 

2SO a +0 2 ^2S0 3 

None 

251 


Pt 

63 


A catalyst influences the value of the rate constant k for a reaction. The rate 
constant acquires a much larger value when a catalyst is in use. 

There are two important types amongst catalyzed reactions. If a catalyst is in the 
same phase as the reactants, the catalysis is said to be homogeneous. If the catalyst is 
in a different phase than the reactants, the catalysis is then said to be heterogeneous 
In most of the latter type of cases, the catalyst is a solid or a powder, while the reactants 
constitute a gaseous or a liquid solution. Adsorption plays a very important role in 
the working of heterogeneous catalysts. We shall read more about adsorption in 
Unit 8 of this book 

Homogeneous catalytic reactions The combination of S0 2 and 0 2 in the gaseous 
media is catalyzed by nitric oxide gas in the lead chamber process for the manufacture 
of S0 3 . 

NO 

S0 3 +0 a ->-SO a 

Hydrolysis of esters, e.g. methyl acetate, proceeds by itself very slowly, but it is greatly 
accelerated in the presence of hydrogen ions (supplied by a strong acid, e.g HC1) or 
hydroxyl ions (from NaOH). 

CH 3 C00CH 3 +H 2 0 CH 3 COOH+CHjOH 

Heterogeneous catalytic reactions ■ The rates of many chemical reactions are greatly 
increased by solid catalysts. Some industrial reactions, carried out by the use of hete¬ 
rogeneous catalysts, are as given below. 
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( 1 ) In the manufacture of hydrogen, from water gas by the Bosch process, ferric 
oxide with a promoter is used as a catalyst 

CO + H ’° ~673-723K " C ° 2 + H s 

Another method for the preparation of hydrogen is the reaction between metnane and 
steam, using nickel catalyst at 1023-1173K 


CH 4 -j-H 2 0--CO f3H, 

This is used where natural gas is available 

(u) The preparation ot methanol from CO and H 2 is earned out using zinc oxide as 
catalyst and Cr 2 O s as a promoter 


CO+2H a ->CH,OH 

Cm) Vegetable oils are hydrogenated in presence of finely divided nickel catalyst 
to obtain margarine. 

X-CH = CH-Y-f H 2 ->X-CH 2 -CH 2 -Y 

ansaturated oil saturated fat 

(iv) Hydrogen chloride is manufactured by passing the mixture of hydrogen and 
chlorine over activated charcoal. 

(v) Cracking of petroleum is done under the influence of heat and suitable catalyst 
(e.g. a mixture of alumina and silica). Bv this means heavy oils can be made to yield 
petrol for cars and aeroplanes. 


5.14 REVERSIBLE REACTIONS 

Many reactions can proceed in the forwaid as welt as in the reverse directions undei 
the same experimental conditions (Sec. 7.2, Unit 7, Part 1). Such reactions are called 
reversible reactions and are indicated by using the ^ sign in place of the usual single 
arrow sign. The reaction H 2 -j-I 2 — 2HI is a typical example of a reversible reaction 
Another one is the reaction, N 2 0 4 2N0 2 

Let us consider a simple reversible reaction, which is unimolecular from both sides 
k t 

A^B 

kr 

Let us suppose that the rate constant fqr the forward Reaction is k t , while for the 
reverse reaction, the rate constant is k T . Thus. 

Rate of the forward reaction =kf(A] . .(5.22) 

Rate of the reverse reaction = kr(B) .(5 23) 

Assuming that these reactions obey the first order reaction kinetics. ?t equilibrium we 
shall have : 

Rate of forward reaction = rate of reverse reacuon, so that : 

^f[A]eq =kt(B] e q 


Hence, 
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where me subscripi eq denotes equilibrium quantities and K is the equilibrium constant 
Thus, K is the ratio of rate constants 'or the forward and re r se reactions, 

515 ENZYME CATALYSIS 

Physiological reactions are much more complicated than tb ones' we have consi¬ 
dered so far. Amongst this "ass we have enzymatic reactions. Enzymes act as cata¬ 
lysts for very specific reactions It •• opposed that first of all an enzyme forms a com¬ 
plex with the molecule of a reactant called substrate. Denoting the enzyme by E and 
the substrate by S, the reaction can be written as 
E + S ^ ES 
enzyme substrate complex 

Subsequently, the complex ES breaks into the product as follows . 

ES-* E + P 

complex enzyme , roduct 

Thus, in an enzymatic reaction we have a reversible reaction step followed bv a reaction 
step proceeding in one direction only. 

An enzyme acts as a catalyst only for a particular substrate. For example, urease 
catalyzes the hydrolysis of urea 1 
HjN. 

yC=0+H,0 —> 2NEH-CO, 

'H,N / 

but it is ineffective in the hydrolysis of substituted ureas such as methyl urea having 
the formula . 

H,_N. 

x .CUO 

CHjNH 7 

In fact, there is a lock-and-key type relationship for enzyme action This is illustrated 
by Fig. 5.11. Enzymes help in carrying out reaction at body temperature which other¬ 
wise would need much higher, temperatures 
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Fig J.1 1 Formation of an enzyme-substrate complex 
Two examples of enzyme catalyzed reactions are . 

(») torch -maltose ^^->glucose-^^-- ) .al C oh 0 l-(-CO I 
ffil cane sugar invert sugar ^^^alcohol+CO, 
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present in malt and maltase, zymase and invertase are present in 
w EXERCISES 


5.1 What are Ihe factors which affect the rate of a chemical reaction 7 Explain why rise in tempe¬ 
rature increases the rate of reaction. Also explain (at the molecular level) why an increase iti 
concentration of a reactant may cause an increase in, the rate of reaction 

5.2 Two gases X and Y are.filled in a container, what effect will the following changes have on the 
rate of the reaction between these gases ? 

(i) The pressure is doubled 
(iff The number of molecules of gas X is doubled 
fin) The temperature is decreased at constant volume 
5 3 Explain the following terms , 

(i) Activation energy 

(ii) Heterogeneous catalysis 
(ni) Homogeneous catalysis 
fiv) Reversible reaction 

5 4 What is the difference between 1 

(i) Order of reaction and moleculanty 

(ii) Enzymes and ordinary catalyst 

(ui) Heterogeneous and Homogeneous reaction 

5.5 Suggest explanations for : 

(i) The increased Speed of a simple bimolecular change when the temperature of the 
reaction mixture is increased. 

(ii) The action of a solid phase catalyst to increase the rate of unimolecular gas-phase 
decomposition reaction 

fni) One gram of pulverized wood bums faster than one gram piece of wood 

5.6 An increase in temperature of 10 K rarely doubles the kinetic energy of the particles and hence 
the number of collisions is not doubled Yet, this temperature increase may be enough to double 
the rate of a slow reaction. How can this be explained 7 

5 7 In a collision of particle, what is the primary factor that determines whether a reaction will 
occur ? 

5.8 Discuss the .following . 

(i) Activated complex 

(ii) Collision theory of reaction kinetics 
(m) Endothermic and exothermic reactions 

(iv) Effect of catalyst on the activation energy 

(v) Rate constant 

5.9 Sketch a potential energy diagraiti which might represent an endothermic reaction (label parts of 
curve representing activated complex, activation energy, net energy absorbed). 

<6.10 Find the two-third-life, t*. of a first order reaction in which k=5,48 X 10—M sec- 1 

-5.11 A first order reaction is found to have a rate constant k =7.39x10-® sec -1 . Find the half-life of 

the reaction. 

5.12 Identify the reaction order from each of tbe following rate constants . 

(0 k=5.7 x 10-6 sec- 1 , 

(ii) k=9.3 x 10—6 mole litre- 1 sec- 1 
(in) k=6.2 x 10-2 litre mol- 1 sec-i 
(iv) k=2.8 x 10-6 litre mol- 1 sec- 1 

(Hint. For 380 order, rate of reaction ^=k ) 

dt 
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5 13 What are enzymes 7 How do they affect the rate of a chemical change 7 
5 14 For a certain reaction it takes 5 minutes for the initial concentration of 0 5 mol litre -1 to become 
0.25 mol litre -1 and another 5 minutes to become 0 125 mol litre- 1 What is the rate constant 
of the reaction 7 

5 15 First order rate constants for the decomposition of dinitrogen pentoxide at various temperatures 
are as follows ‘ 

T(K) 273 298 305 318 328 338 

k (sec -1 ) 79x10-7 3,5x10-5 1.35 x 10-* 5.0 x 10-« 1.5 X 10-» 4.9 x 10-» 

Draw a graph and from it determine the activation energy for the reaction 





UNIT 6 


Solutions 


When we place a lump of sugar or sodium chloride in water, it starts disappearing 
and oecomes a part of the liquid Here, molecules or ions of the solute, through a 
bombardment of solvent molecules on the solid surface, leave the surface of the solid 
and, because of their acquired kinetic energy and continuous collisions with solvent 
molecules, they are dispersed throughout the entire bulk, resulting into a homogeneous 
mixture. Similarly, when ethyl alcohol is added to water, a clear homogeneous liquid 
mixture is obtained. In this case also the mixing of the two liquids occurs at molecular 
level. Each of the above types of homogeneous mixture of two or more sub¬ 
stances having uniform properties (such as density, refractive index, etc) throughout 
is called a solution 

The substances making up a solution are called components of the solution. In a 
binary solution, i.e. a solution made of two components, the component having the 
same physical state as the solution, is termed as the solvent, and the other component, 
the solute. In a situation in which none of the components has the same physical state 
as the solution or both have the same state as the solution, it is convenient to call the 
component present in excess, the solvent and the minor component, the solute Where¬ 
as each component of a solution has a fixed density, melting point or vapour pressure, 
such properties of their solutions vary according to composition. In this Unit, we 
shall study in some detail the properties of solutions, specially liquid solutions 

6.1 TYPES OF SOLUTIONS 

Solutions may exist in the gaseous, liquid or solid states, Prior to making a solu¬ 
tion, the components thereof may be in the same or different states than that of the 
final solution. For a binary solution, depending on the physical state of the components, 
the following phase pairs are possible for solution components . 

gas-gas gas-liquid liquid-solid 

solid-gas liquid-liquid solid-solid 

However, according to physical state of the solution after mixing its components, solu¬ 
tions can be solid, liquid or gaseous in form, 
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Gaseous Solutions : Since all gases and vapours form homogeneous mixtures, all 
gas mixtures are solutions. Such solutions are formed spontaneously and quickly, 
because of translatory motion of molecules in gases. Air is an example of gaseous 
solutions. 

Liquid Solutions • These may be obtained as a mixture of two substances which are 
themselves liquids ( g. water and ethyl alcohol) or may result from addition of a solid 
or a gas to a liquid. > Some solid substances can form liquid solutions on mixing. A 
mixture of sodium and potassium metals in equimolar quantifies is liquid at room 
temperature. 

Unlike gases, all liquids do not form solutions on mixing. Liquid pairs can be 
miscible (completely soluble in each other in all proportions, e.g. mixtures of ethyl 
alcohol and water), partially miscible (such as mixtures of ether and water which show a 
limited solubility in each other), and immiscible (such as mixtures of oils and water). 
The question before us is why some liquids are miscible and others are not? A study of 
such systems shows that the liquids yvhich are chemically alike dissolve in one another 
more freely than others. Alkanes, for instance, are so alike that their molecules natu¬ 
rally intermingle and they are, consequently, miscible in all proportions. But alkanes 
do not dissolve in water. The reason for this is simple. Water molecules are firmly held 
together by hydrogen bonds and alkane molecules are incapable of weakening those 
bonds. Similarly, the hydrogen bonds prevent the water molecules from mixing with 
alkanes. Ethanol has a property of dissolving both in organic solvents (such as the 
alkanes) and in water Here, the ethyl group of ethanol is similar to alkane molecule*. 
The hydrogen hondmg between hydroxyl groups of ethanol molecules, although weaker 
than that in water, is strong enough to allow ethanol molecules to push apart water 
molecules and thus ethanol dissolves in water with the formation of new hydrogen bond 
between water and ethanol molecules. Water molecules, play the same role amongst 
ethanol molecules 

Dipole-dipole interactions also play an important part in the formation of liquid 
solutions. Another factor to consider is molecular sizes. Molecules of liquid which 
dissolve in each other are often of approximately same size. 

The general rule, like dissolves like, is also extendable to solutions of solids in liquids 
Inorganic substances which are polar in nature dissolve much mote in polar solvents 
such as water or liquid ammonia than the nonpolar ones like alkanes or benzene. 

Compositions of liquid solutions are usually expressed in terms of concentrations 
(Different ways of expressing concentration are given in the next section) 

Since liquid solutions are of great importance to the chemists, we shall have a more 
detailed discussion of such solutions and more particularly of dilpte solutions which 
present relatively less difficulties. 

Solid Solutions : Although solid solutions are not so common as liquid 
solutions/ they are nevertheless important. Suph solutions are common in case of 
mixtures of metals. Gold and copper form a solid solution (since gold atoms can 
replace copper atoms in the copper crystal and, similarly,, copper atoms can replace 
gold atoms in the gold crystal). Many alloys are solid solutions of two or more metals, 
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e.g. constantan (60%Cu, 40%Ni). Many metals take up gases in large quantities to form 
solutions of gases in metals. For example, palladium is capable of taking up to 0 25 
mole of molecular hydrogen per mole of metal at room temperature to form a solid 
solution of hydrogen in the metal. Non-electrolytes can also form solid solutions 
Chlorobenzene and bromobenzene mix in all proportions in solid state In forming 
solid solutions, chemical similarity and nearness of molecular sizes play a very impor¬ 
tant role. 


6 2 METHODS FOR EXPRESSING CONCENTRATIONS OF SOLUTIONS 


The concentrations of solutions can be expressed in a nymber of ways. A few ol 
them are given below For simplicity, we shall consider a solution made of two com¬ 
ponents A and B 

Mass I taction This is expressed as mass of a component per unit mass of solution 


w* 

Mass fraction (W A ) of component A can be expressed as W A = - - , where w A is 

w A -f-w p 

the mass .of component A and w„ the mass of component B in a unit mass of solutions. 
Mass percentage of component A will be equal to Wx x 100 

Mole Fractions ■ This is the number of moles of a particular component per unit 
total mole of solution. Accordingly, mole fraction of component A, xa> will be 
expressed as . 

.31. 

'' n A -l-n„ 

where n A and n B are the numbers of moles ot A and B respectively in a fixed quantity 

of the solution. For example, a solution containing 23 g of ethanol and 90 g of water 

23 90 

contains - --or 0.5 moles of ethanol and— 

* o 

fraction of ethanol will be Q'^py'Q or 0 091. 

Molarity ( M) • It is expressed as the number of moles of a solute per litre ol a solu¬ 
tion. Suppose, component B is the solute. Then, molarity of the solution ,s expressed 

as M = - Here, V i,s volume of solution in litres. Molarity is a convenient 


or 5 moles of water Theiefore, mole 


measure of concentration and. is widely used in laboratory practice One of its 
disadvantages is that the molarity of a solution changes with temperature because of 
expansion or contraction of the liquid. 

While mass fractions and mole fractions are expressible m positive numbers, moh- 
ritieS are expressed in units of moles per dm 3 . The symbol M used for molarities 
includes the units. Thus, a 0.SM solution of a substance represents a solution in which 
0.5 mole of the solute is piesent in one litre of solution. 

Molality (m) ; This ts expressed as the number of moles of solute 

-(component B) per lOOOg, (Ikg) of solvent (component A) if /in. is the number 
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of moles ofi solute and w A is the number ol grams of solvent, the molality of solution 
m E , is given by 
1000 

m "= n " 

The molality of a solution does not change when the temperature of solution in¬ 
creases or decreases 

Parts per Million (ppm) This is usually used for the mixtures oi solutions where 
a substance is present in a very small quantity. The concentration of A in parts per 
million, ppm A , is defined as 


ppm A = 


mass of A tn . 

,-X 10 6 

total mass 


6 3 VAPOUR PRESSURES OF SOLUTIONS AND RAOULT’S LAW 

We have seen that if a pure liquid is covered with a bell jar, a part of the liquid 
evaporates and fills the available space with the vapour, At a particular temperature, 
an equilibrium is established between the vapour and liquid phases Pressure exerted 
by the vapour in such a situation at a given temperature is called the vapour pressure 
of the liquid (Unit 5, Part I). Now, if a nonvolatile solute is added to a solvent to 
make a solution, the vapour pressure of the solution will in fact be the vapour pressure 
of the solvent in it This vapour pressure is found to be less than that of the pure solvent. 




Fig 6.1 Decrease in the vapour pressure when a solute is added to a solvent (a) evaporation of 
molecules from the surface of pure solvent denoted by o, (b) in a solution solute particles denoted 
by « also occupy a part of the surface area and so reduce the number of solvent molecules at 
the surface that evaporate (escape is reduced) 

Evaporation of a liquid at any temperatuie below its boiling point is limited to the 
surface part of the liquid Thus, dependence of vapour pressure of solvent from a 
solution on the surface concentration of solution is quite expected, and its lesser value 
is easily explained. We may extend this consideration to the ease when the solute is 
another volatile liquid or solid The vapour phase will then consist of vapours of 
components A and B of solution. We may well expect that partial vapour pressure of 
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each component of the solution will depend on its molar concentration or mole fraction 
in solution. 

Let us consider a solution of two miscible liquid components A and B. if mole 
fractions of A and B are X A and X„ respectively, their partial vapour pressures 
P A and P„ respectively above solution will be proportional to the respective mole 
fractions in the solution. Thus, 

PaOCX a 
and P„ OC X, 


Based on experimental vapour pressure data, Raoult showed that (q*case of mixtures 
of two miscible liquids, the above relation can be written as 

P a = Pa X a and P b = Pb X b (6.1) 

P A and Pi represent the vapour pressures of pure components A and B. The rela¬ 
tionship between vapour pressure of a'component and its mole fraction is referred to as 
Raoult's law, which states . For absolution of volatile liquids, the partial vapour pressure 
of each component in the solution is directly proportion/! to its mole fraction. 
(The law will rtbt apply if a mixture of the volatile liquids does not form a solution.) 
According to Raoult’s law, a plot of P A or P„ against X A or X, for a solution should 


give a straight' line (straight lines I 
and II in Fig 6.2) passing through 
the points Pa or P» when Xa or Xn 
equals unity. The total vapour pres¬ 
sure, P, exerted by the solution as a 
whole at any composition is given by 
the sum, P A +P» (“ required by Dal¬ 
ton’s law of partial pressure). This is 
indicated in Fig 6-.2 1 by the Jine III, 
joining the points Pa and Pb . The 
solutions for which Raoult’s law is 
applicable are called ideal solutions. 
For ,such solutions, the vapour pres¬ 
sures are intermediate between the 
values, Pa and Pi and they al( ne on 
the straight line joining Pa and P B 
(Fig 6 2) 

Let us revert to a solution which 
is obtained by adding a nonvolatile 



Fig. 6,2 lhe relationship at constant temperature 
between vapour pressure and mole fraction of an ideal 
solution. The dashed lines I and 11 represent the 
partial pressures 'of the components. (It can be seen 
from the plot that Pa and P B are directly proportional 
to ’i A and *bi respectively.) The total vapour pres¬ 
sure is given by line 111 


solute to a volatile solvent (e.g. glucose 

and water) »In such a case, there is no contribution frohi the &dute and vapoUF 
pressure of solution will be only due to the solvent. The total vapour pressure here 
will be equal to vapour pressure contribution of the solvent in the solution. There¬ 
fore, if mole fraction of the solvent in a solution decreases, the vapour pressure of 
the solution will also decrease. Thus, 
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p = P A =Pi.'X A . ( 6 . 2 ) 

Since, for a binary mixture, X A +X B =1, xa = ( 1 ~‘ / b) Therefore, we can write Eq. 
■6-2-jn the form • 

P A = P^t-X B ) or|f = l-X B 

r A 

p 

By rearrangement, I — =£-=X B 

*A 

Therefore, =y.» .(6.3) 

r A 

In Eq. 6 3, (PX-P A ) represents the lowering of vapour pressure on formation of solu¬ 
tion and (P\~PjJPX) is called the relative lowering Of vapour pressure for the solution 
Thus, an alternative statement of Raoult's law for solutions of non-volatile solutes 
can be given as : Relative lowering of vapour pressure for a solution is equal to the mole 
fraction of the solute when solvent alone is volatile. An understanding of Raoult's law 
and its extension to solution of nonvolatile solutes is essential to explain the behaviour 
of solutions. 

6 4 IDEAL SOLUTIONS 

As stated in Section 6.3, ideal solutions are those which obey Raoult's law, The 
properties of an ideal solution are, essentially, the average of the properties of its com¬ 
ponents in proportion to their mole fractions. Thus, an ideal solution consisting 
of an equal number of moles of A and B will have a vapour pressure exactly 
midway between the' vapour pressures of A and B, as we have seen in the previous 
section. 

If two liquids A and B form an ideal solution, the A-A and B-B molecular inter¬ 
action forces will be the same and there will be little or nonet change in the molecular 
interaction forces on solution formation. This means that the force of attraction 
between A and B molecules (i.e. A-B molecular interaction forces) will be the 
as those for the A-A or B-B molecules. Such a solution can form only when the 
substances composing them are identical in structure and polarity. Liquids, like 
hexane and heptane, when mixed together in any proportion form nearly ideal solutions, 
since in these solutions the hexane-hexane attractions, the heptane-heptane attractions 
and the hexane-heptane attractions are almost the same. Truly speaking, ideal solu¬ 
tions are quite rare but quite a number of them are practically ideal ic, behaviour. 
Other examples of solutions which are ideal for all the practical purposes, are mixtures 
of ethyl bromide and ethyl iodide, benzene and toluene, chlorobenzene and bromoben- 
*ene, etc. By progressive dilution, all solutions tend to reach a state of ideal behaviour. 

As there is no change in interaction fortes between two components-when they are 
mixed to form an ideal solution, heat change on mixing, in such cases will 

oe zero. Moreover, in such cases, the volume of the solution is the sum of the Volumes 
o the components before mixing. Volume change on mixing, a fixing is also zero, 

1 "us, the conditions for an ideal solution formation are : 
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( I ) Raoults' law should be satisfied 

(II) A« ml v,.s should be zero 
(iii) A ^mixing should be zero 

6.5 NON-IDEAL SOLUTIONS 

Most pairs of miscible liquids form non-ideal solutions. Sometimes, partial vapour 
pressure of a component is found to be more than what is allowed by Raoult’s law on 
adding another component. A similar effect is observed for the other component in 
the reversed mixing. The total vapour pressure for any solution is thus greater than 
that corresponding to an ideal solution of the same composition The boiling points of 
such solutions are relatively lowered. Such behaviour of solutions is described as a 
positive deviation from Raoult’s law (Fig 6.3) For one of the intermediate compositions, 
the total vapour pressure of such a solution will be the highest and the boiling point 
will be the lowest. This solution acquires the pioperty of boiling at a constant tem¬ 
perature and remains unchanged in composition. Liquid mixtures which can distil 
un banged in composition are called azeotropes or azeotropic mixtures. In case of 
posi ve deviations, we get minimum boiling (point) azeotropes. The positive deviations are 
exhil ted b^ liquid pairs for which the A-B molecular interaction forces are lower than 
the A-A or the B-B molecular interaction forces. Mixtures of ethanol and cyclohexane 
behave in this way. In pure ethanol, a very high fraction of the molecules are hydrogen 
bonded. On adding cyclohexane, the cyclohexane molecules get in between the 
molecules of ethanol, thus breaking up the hydrogen bonds and markedly reducing the 
ethanol-ethanol intermolecular attractions. In case of positive deviations for a liquid 
pair we should expect a slight increase in volume and absorption of heat on mixing. Same 
are the actual observations. 

H 

I 

c,h 6 —o o-^c,h 5 

I : 

H II 

f 

6- -H.o— c,h 5 

Hydrogen Bonding in Etbanol 

On the other hand, if for the two components A and B, the interaction forces bet¬ 
ween the A and B molecules are mdre than the A-A and B-B interaction forces, the 
escaping tendency of A and B types of molecules from the solution becomes less than from 
the pure (liquids. In other words, for any solution composition, the partial vapour 
pressure of each component will be less and the total vapour pressure of the solution will 
also be less than that required by Raoult’s law (Fig 6.4), These solutions are said to 
show negative deviations from Raoult’s law. Such solutions exhibit an increase in boiling 
points on adding more .of the solute. For cine of the intermediate compositions, the 
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total vapour pressure of the solution will be the least and the boiling point will be the 
highest. This solution will also distil without a change in composition and provides 
an example of another kind of azeotrope. We call it the maximum boiling (point) 
azeotrope. Negative deviation from Raoult's law is exhibited by mixture ol chloro¬ 



us- 6 3 A. vapour pressure graph show- Fig 64 A vapour pressure graph showing a 

ing a positive-deviation (solid lines) from negative deviation (solid lines) from ideal 

ideal behaviour (dotted lines) behaviour (dotted lines). 


form and acetone. When chloroform (trichloromethane) CHC1 3 , and >etionc 
(CHjljCO, are mixed, the hydrogen bonding occurs between the two molecular 

Cl CH, 

I / 

Cl—C—H .O-C 



Hydrogen Bonding between Chloroform and Acelone 

species. This decreases the escaping tendency of molecules for each component 
and, as a result, the boiling points of solutions show an increase- An evidence 
of hydrogen bonds being formed is provided by the fact that when* these two 
components are mixed, the temperature rises (A H is negative). In case of negative 
deviation, we should also expect contraction in volume on mixing along with evolution 
of heat. A few examples of the mixtures which show positive and negative deviations 
from ideal behaviour are given in Table 6.1 

Apart from hydrogen bonding, tnere are otner weaker inter molecular forces also 
which may be responsible .in part for observed deviations from ideal behaviour. A 
more detailed account cannot be given in the present course: 
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Mixtures showing positive deviations 

Mixtures showing negative deviations 

(CHj)jCO + CSj 

CHjCOOH -j- C 5 H 5 N (pyridine) 

(CHgltCfO+CsHsOH 

CHC1, + (CH s ),CO 

C,H 6 + (CHjJjCO 

CHC! a H- C e H 0 

CCI 4 + c 6 h 8 

CHCI 3 + (C,H 5 )»0 

CC1 4 + CHCla 

H a O + HC1 

CCI 4 -|- CgHg.CHa 

HjO + HNO a 

H a O + CH 3 OH 

(CH 3 ),CO -f C 8 HjNH, 

H a O + C s H 5 OH 



6 6 COLLIGATIVE PROPERTIES, 

We have learnt about vapour pressure-composition relationships of solutions in the 
previous sections. Whatever be the non-idealities shown by sych solutions, they tend 
to benave snore ideally when we proceed towards greater dilutions, There are some 
interesting properties of such dilute solutions which have important application 
These properties do not depend on the nature of the solutes, but only on the molar 
concentrations in solutions It means that two solutions made from different compo¬ 
nents may show identical values of some properties dependent only on mole fractions 
in the solutions. Such dependence of a property of a dilute solution on the mole frac¬ 
tion of the solute can be expressed as follows . 

Property measured oc male fraction of the solute 
Let us consider a system of two components A and B, where A is the solvent and 
B is the solute. Suppose masses of the solvent and solute are w K and w„ and theii 

w 

molecular masses are M K and M B respectively. Moles of solvent, n A = -^~-,. and moles 
of solute. Ha = . 


Therefore, mole fraction of solvent, * A = —~- 

n A-f~ n D 


Mole fraction of solute, = 


Hn 

Now, the properties measured being proportional to -—— 


Collightive property =.A constant x 


w„ 

— A constant .- - — .(*•*) 

w A . w B 

Ma + M b . 

Eq. 6.4 may be used for calculating the value of any of the involved factors when 
the values of all the rest are known. 
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Properties of solution which depend only on the mole fraction of the solute in it 
<i e on the relative molar proportion of solute and solvent in a sojution) are called 
lolligatira. properties. These properties are widely used for the determination of 
molecular masses of substances. Here, we will consider the following colligative pro¬ 
perties (i) Relative lowering of vapour pressure for a solution, (ii) Elevation of boil¬ 
ing point for a solution, (lii) Depression of freezing point for a solution, and (iv) Os¬ 
motic pressure for a solution 

6 7 RELATIVE LOWERING OF VAPOUR PRESSURE 

We have seen in the previous section that relative lowering of vapour pressure of a 
solvent in a solution of nonvolatile solute is equal to the mole fraction of the solute, i.e 

Pa~P a y 

po' ^ 

r A 

As lowering of vapour pressure depends on the mole fraction of the solute and not on 
its chemical nature, it constitutes a colligative property and can be used for determina¬ 
tion of molecular masses. The above expression can be written as : 

w„ 

p:~p a v m u 

K “ WA , W, 

Thus, if lowering of vapour pressure is found for a solution of known concentration 
and molecular mass of A is known, the molecular mass of B can be worked out from the 
above expression. But it is difficult to measure the vapour pressure lowering accurately. 
Therefore, molecular mass determination by this method is often difficult: However, 
as a consequence of the lowering of vapour pressure of a solvent, significant changes 
occur in some other properties of_solvents in solutions. These properties, notably the 
melting and boiling points, are relatively easier to measure. 

iS.8 ELEVATION QF BOILING POINTS 

Lowering of vapour pressure of a liquid solvent onr addition of a nonvolatile solute 
has some interesting consequences. We know that the normal boiling point of a liquid 
is the temperature at which its vapour pressure beaomes equal to one atomospheric 
pressure. The normal boiling point of water is 373 K, since at this temperature vapour 
pressure of water is one atmosphere. Vapour pressure of a liquid is always lowered due 
to the addition of nonvolatile solute (Fig 6.5). Vapour pressure of an aqueous glucose 
solution at 373K is less than one atmosphere,. Thifc means that we need to heat the 
solution to a higher temperature tha'n 373K for the vapour pressure value to reach one 
atmosphere. Hence, boiling point of any solvent in a solution with a nonvolatile solute 
is always higher than the boiling point of the pure solvent. Thus, such solutions show 
an elevation in boiling points and, at their boiling points, they are in equilibrium With 
pure solvent vapour. 
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Let A7b be the elevation in boiling point and Ap the lowering of vapour pressure 
Than, A7b is found to be ’proportional to Ap 
AT b oq Ap oc X„ 

or AT b =K. X B (6 5) 1 

Wh^rc K is a proportionality constant, 



Pig 6.3 Elevation of toiling point of a solution. 


As we have seen in Eq. 6.4, 


w B 

M„ 


W A , w» 
Ma M„ 


U| w 

■If the solution is dilute and ^ we may write 


w* 


M„ 


Ma 


_ 

Ml, Ma ,W B Ma 
Wa " —n "’ W A 

m a 


( 6 . 6 ) 


Molality of a solution is defined as the number of moles of the solute per kilogram 
of solvent. If in Eq. 6.6 we take the mass of .tbe solvent, w A , in kilogram units, nj tv A 
will stand for the molality, m, of the solution and we can modify Eq. 6.6 to Eq. 6.7. 

X B = M A .-m .(6.7) 

Combining Eqs. 6.5' ahd 6.7, we have : 

AT b ' ■= KM A rp=k b m .(6.8) 

The new proportionality constant relating the elevation ,bf boiling point for tbe 
solution with its molality is called the moled boiling point elevation constant for the sol' 
vent. Thus, racial boiling point elevation constant is numerically equal to the eleva • 
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lion in boiling point observed for 1 molal solution (prepared iu a particular solvent) 
Molal elevation boiling point constants have characteristic values for different solvents. 
Some of such values are given in Table 6.2 values are expressed as degrees/molality 
or as K/m* or °C/m For water, k b =0.52°C/m or 0.52K/m This means that al 
molal solution of any normal solute in water has a boiling point 0.52 degree higher 
than that of water itself under the same atmospheric pressure. 

TABLE 6.2. 


Molal Boiling Point Elevation and Freezing Point Depression Constants for Some Solvents 


Solvent 

b.p 

(K) 

(K/m) 

tip, 

(K) 

(K/n.) 

Water (H a O) 

373 0 

0.52 

273.0 

1.86 

Ethyl alcohol (CjH 6 OH) 

351 5 

1 20 

155.7 

1.99 

Benzene (C 6 H 6 ) 

353.3 

2.53 

278 6 

5.12 

Chloroform (CHCy 

334,4 

3 63 

209.6 

4 70 

Carbon tetrachloride (CCIJ 

350,0 

5 03 

250 5 

31.8 

Carbon disulphide (CS*) 

319.4 

2.34 

164.2 

3.83 

Ether (C 4 H 10 O) 

307.1* 

2 02 

156.9 

1.79 


6 9 DEPRESSION OF FREEZING POINTS 

The lowering of vaoour pressure of a solvent in a solution is .also closely related to 
the depression of freezing point for the solution If, at the freezing point, a solutior 
is in equilibrium with the pure solid form of the solvent, the freezing point of the solu 
tion will be lower than that of the pure solvent. This is shown in Fig. 6.6. The lower¬ 
ing observed at the freezing point, A T t , is also found to be proportional to the mole 
fraction of the solute. As in the case of elevation of boiling points, we can now write . 

.(6 9) 


lb 10) 

Here, K is a proportionality constant. In case of dilute solutions for which ideal 
solution relationships are valid, Wb JM b will be very much smaller than wJM x and we 
can write (as m the case of elevation of boiling points) ; 


AT t oc X B 
or AT ( = K.X a 


Since 


at,~k- 


Wj_ 

M a _ 

W* , W B 

m x + tt b 

W B 

M b 

Wa . W B 
Ma 1 " Mb 


K/m represents kejvin/molality. 
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AT, - ^KMa— W n/M -- 

w a .M b w a 

= KM a — = /r,m .,(6 11) 

W A 

When /i„ is the number of moles of solute 
present for vf A kilograms of the solvent, k t is 
called the molal freezing point depression cons- 
tant or molal cryoscopic constant for the solvent 
It equals, numerically, the freezing point 
depression of molal ideal solution in the 

solvent. Thus, k f = ~^l-^K.M A , As for kb, 
m 

kt values will also have the unit of degree! 
molality or K/m or °C/m. 

Experimentally, it has been found that one 
mole of a normal solute m lOOOg or I kg of 
water lowers the freezing point of water by 1.86° Thus, molal freezing point de¬ 
pression constant for water is 1.86 deg/molahty Each solvent has a characteristic 
value of k t Values of kt fdr some solvents are given in Table 6 2. 



Fig 


6 6 Depression of the freezing 
point of a solution 


6.10 OSMOTIC PRESSURE 

We now come to the last of the colligative properties—osmotic pressure 
In the middle of the eighteenth century it was observed that there are certain mem¬ 
branes which, when placed between a solution and. the solvent present in it, allow 
passage across to the solvent molecules, but do not permit solute molecules or ions to 
pass through These membranes are said to be semipermeablc Such membranes 
are frequently Found m living systems, but the actual mechanism of how these membranes 



Fig 6./ Osmosis and. osmotic pressure : 
Osmotic pressure developed will be equal to 
hydrosiatic pressure of the liquid o. height h. 


operate is not fully understood as the solute 
molecules which canriot pass through the 
membranes are sometimes smaller than the 
solvent molecules which do pass through 
When a semipermeable membrane sepa¬ 
rates a solvent From a solution, solvent 
molecules tend to pass from the solvent side 
into the solution In case, two solutions of 
different concentrations are separated by 
a semipermeable membrane, the solvent 
molecules will pass from the dilute solution 
side onto the more concentrated solution 
side. This movement of solvent through a 
semipermeable membrane is called osmosis 
Osmosis can be demonstrated by a simple 
apparatus shown in Fig. 6 7 
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As shown in Fig 6.3, as' the solvent enters into the funnel due to osmosis, the 
level of the solution in the tube rises. A stage cor. zs when level irl the tube be¬ 
comes stationary at P Here, the hydrostatic pressure of the solution at the mem¬ 
brane due to the height of the liquid column becomes sufficiently high to push out 
as much solvent as is drawn in due to osmosis Thus, no further flow of solvent into 
the funnel is observed The extia pressure to be applied on the solution side necessary 
to c ounteract the pressure due to osmosis when the solution and the solvent are sepp- 
i ated by a semipermeable membrane rs a measure of the osmotur pressure of solution- 
Tt js possible to check osmosis from occurring by applying a mechanical pressure on 
the solution equal to its osmotic pressure" 

Let us consider the case in which we have the solution and solvent on two sides of a 
sennpermeable membrane At a given temperature, the solution has a vapour pressure 
lowei than that of the corresponding pure solvent. We can regard and calculate 
osmotic pressure as the extra pressure that must be exerted on a solution in order that 
the vapour pressure of solvent from the solution increases and becomes e,qual to that of 
pure solvent Only then will the solution be in an equilibrium with the pure sol¬ 
vent on the other side of the smipermeable membrane, The movement of solvent 
during osmosis can also be checked by applying a suction or negative pressure on the 
side of the solvent. Such suction pressure can also be equated with the osmotic pressure 
Measurement of osmotic pressure is usually done with an apparatus shown in Fig 
6,8 The solution is placed in a strong steel vessel which can stafttl the high countei 
pressures applied, to it. A sennpermeable meiqbrane imbedded n a porous pot sep.i 
rates the solution reservoir from the pure solvent central reservoir The semiporiiio i’s c 
membrane is a wall of an inorganic material* that permits^ only the flow of solvent 
molecules to and fro but not of solute molecules 

Oxnotic prtuurftv Prj|pur» f«quiri<l j* 

C tl TMinUm wj t#r 



tig 6.8 Osmotic pressure measurement (Berkeley and Hartley method) 

•A semipermeable membrane can be formed in the walls of a porous pot by allowing solution of 
copper sulphate and potassium ferrocyamde to meet inside the walls. A precipitate of potassium coppe 
ferrocyamde, deposited uniformly ui' the pores of the pot, acts as a good semipermeable membrane 
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Lflte the other colligative properties, such us depression of Iicezing point undeleva¬ 
tion of boiling point, ostnotic pressure is also related to the lowering of vapour pressure 
and is in turn proportional to the mole fraction of solute. We can write for the osmotic 
pressure, rr, 


-=K* b (6 12) 

The constant K in this case is iound to be equal to RTjV A Hence, 

RT 

- V. v . (6 13) 

V A 


where V A is volume of one mole of the solvent, A ; '/„ is the mole fraction ol solute B 
in the solution and R is a constant equal to the gas constant. If R is expressed in units 
of litre atm deg -1 mol- ’, T in kelvins and V K in litres, osmotic prcssuie obtained will 


be in units of atmospheres 


Since, /„=--p—, the mole fraction /„ can be up- 

n A‘r n B 


proximated to in the case.of dilute solutions (when n„ *s>n a ) The osmotic pres- 

11 A 

sure relationship then becomes, 


* = RT 


n,« 

n A Va 


n r . 

v 


RT JcRT 


(6.14) 


It u = n A V A « volume of moles of solventr^total volume ol the solution (since 
the volume contribution due to solute in a dilute solution can be considered as negli¬ 
gible) and c represents the molar concentration of solute in the solutiod, we can write 
Eq. 6.14 as , 

-v = n„.RT , . (6.15) 

Eqs 6.14 and 6.15 are the two forms of van’t Hoff osmotic pressure Jormula or van’t 
Hoff’s solution equation. 

The similarity between van’t Holf s equation, -u^n B RT and the perfect gas equa¬ 
tion, Pi=-nRT, and appearance of molar gas constant R in both equations reflects that 
gas pressures and osmotic pressures of Solutions have some common relationship with 
kinetic energies of particles. 

Using Eq. 6.15, osmotic pressure of any solution can be calculated. Osmotic 
pressure of a solution containing 0.1 tnole of solute per litre at 273 K. is calculated 
below . 


RT = -2JL X 0.08205 x 273 = 2 224 atm 
v l 

Thus; we see that, even for quite dilute solutions, ostnotic pressures are of the order 
of atmospheres. This makes accurate measurements of osmotic pressures quite 
convenient even for very dilute solutions. 


6 MOLECULAR MASSES FROM COLLIGATIVE PROPERTIES 

Molecular masses of volatile liquids and gases can be determined by applying Avoga- 
dro’s law (Unit 19, Part I). But this method cannot be applied to nonvolatile substan¬ 
ces such as urea and sugar. For such substances, measurement of colligative properties 
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such as elevation of boiling point, depression of freezing point, and osmotic pressure 
of a solution provide convenient methods foi determination of molecular masses. We 
have seen in this Unit that colligative properties depend on the number of moles ol the 
dissolved substances. Therefore, if k\ or l< b be known for a solvent and if the concen¬ 
tration of the solution be known, molecular mass of the solute can be calculated using 
the appropriate relationships. 



ccumann therm8me r «r 


& la s s tube of 
wider moutr 


freetinf 
ftn xture 

g lass tube 
containing 
solution 
so lutien 


Fig 6 9 Ail apparatus lor determination of 
depression of freezing poml 


In piactice, freezing point method is 
most commonly used because the change in 
freezing point for a solution is larger than 
the change in boiling point for it (compare 
constant k f and Ab for water) A simple 
diagram of the apparatus used for the deter¬ 
mination of molecular mass by depression 
of freezing point method is given in Fig. 6.9 

The boiling point elevation method, 
however, gets the advantage of higher solu¬ 
bilities of solutes due to an increase in 
temperature, Osmotic pressure measure¬ 
ments are frequently used to deteimine the 
molecular masses of compounds like 
synthetic polymers and biologically 
important compounds like proteins 
Because of low solubilities of such substan¬ 
ces, molar concentration of solutions 
are ordinarily low in such cases and, thus, 
very dilute solutions are obtained. The follow¬ 
ing examples illustrate the calculation steps 

Example 6 I 

A solution of 1.25 g of a certain non-elec¬ 
trolyte in 20.0 g of water freezes at 271.94 K. 


Calculate the molecular mass of the solute (A'r = 1 86 K/m) 


Solution 

For depression m freezing point of a solution. 

ATf=k r m 

Molality, m, of a solution is given by moles of solute present per kg or lOOOg of solvent 
In terms of w A , and M 0 in grams, molality is given by . 



X 1000 
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and M b = kf 


w A -20.0g 

w„-1 25g 
^Tr-273—271 94 
= 1 06K 

Kt-1 86K /m 

Substituting the data provided, we get, 
1 86x 1.25 x 1000 


M, - 


20 x 1.06 


109 6 g/lnol 


Example 6.2 

Osmotic pressure of a solution containing 7g of dissolved protein per 100 cm 1 oi 
Solution is 25 mm Hg at body temperature (3I0K). Calculate the molecular mass of 
the protein (R-0.08205 lit atm mol- 1 deg- 1 ) 

Solution 

We know, zv = n„ RT 
In the present problem, 


*r— = 27 r atm, v— 100cm s = 0.1 litre, X” 3I0K, 

7ou 

Dmol and R—0 08205 lit atm mol- 1 deg- 1 
Mn 

Therefore, we get • 

x 0.1 —~ rj~ X ° 08205 x 3 10 

' DU IV\b 

or M b =5 4 x I0 1 , or 54,000 g/mol 
Thus, molecular mass of the protein will be 54,000 g/mol 


612 ABNORMAL MOLECULAR MASSES 

We have seen in the previous section that colhgatlve properties are used for the 
determination ’of molecular masses. It has also been stated that the relationships used 
for the determination of molecular masses are valid only for ideal behaviour of solu- 
tions. It (ias been observed thqt the value of molecular mass determined by u^ng 
lowering of vapour pressure, depession of freezing point, elevation of boiling point, and 
osmotic'pressure data do not atways agree with the normal values This may be due 
to • (i) deviation of solutions from ideal behaviour,(u) association of solute molecules, 
or (in) dissociation of the solute molecules. 

Deviations of solutions from ideal behaviour have already been discussed. Here, 
ve shall .consider the other two possibilities.. 

In general, when there is association, the solute consists of a mixture of single mole¬ 
cules, double molecules, and possibly their larger associations. Therefore, the measured 
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experimental value of molecular mass may be greater than the normal one for comple¬ 
tely unassoewted molecules Association of solute molecules in a solution is generally 
caused by hydrogen bonding between these molecules. This iszob served in the case~of 
compounds capable of forming hydrogen bonds, e.g. alcohols, phenols, carboxylic acids. 
When acetic acid, CH„COOH, and benzoic acid, C,H s COOH, are dissolved in ben¬ 
zene it is found that the solute particles have molecular masses of nearly 120 and 244 
respectively, wh'ch are just twice their normal values To account for this observation; 
it has been suggested that molecules must exist in solution as dimers, held together 
by hydorgen bonds. 

O H-O 

C-C,H 3 

\ / 

O-H O 

(Solvent', which prevent association of the solute are those that can themselves take 
part in hydrogen bonding, e.g water and alcohol). 

In certain cases, where bonding is not so strong as it is for carboxylic acids and 
association is not limited to only formation of dimers, the value of molecular mass in¬ 
creases with concentration and varies front a little more to several times the normal 
value 

It has been found that molecular mhsses obtained from solutions of strong electro¬ 
lytes (e g. strong acids, stropg basds and salts) arc much less than their normal values. 
This is because these electrolytes are dissociated into ions, e.g. KCl(s)+H,0(1 j-> 
K^(aq)+CI-(aq) Here, each KC1 unit is broken into two particles (ions). Therefore, 
molecular mass in the solution should be mean of the masses of the two ions K+ and Cl~ 
which is equal to exactly half the molecular mass of KC1. However, depression of 
freezing point method give a molecular mass equal to 40.3 which is greater than the 

theoretical value This difference between the two figures is due to strong 

attractive forces existing between oppositively charged ions in a solution. These attractive 
forces are much stronger than the normal intermolecular attraction. ■ First, they cause 
deviations from Raoult’s law which is the basis for molecular mass determination and, 
secondly, the electrical forces may permanently hold a fraction of t|ie ions together as 
ion pairs: each ion pair consisting of one positive and one negative ion. It has been 
found that majority ofthe ionic substances appearto be incompletely dissociated because 
of ion pairing, but a small number of salts (including alkali halides) are dissociated into 
separate ions When an electrolytic solution is diluted, the average distance between 
ions increases and, therefore, coulombic attractive forces decrease and become less 
important. In very dilute solution, the observed molecular masses tend towards the 
complete dissociation values 
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In 1886, van't Hoff introduced, a factor /, known gs van't Hoff’s constant to express 
the extent of association or dissociation. The factor / can be written as . 

. Normal molecular mass 
” Observed moiecuW man 

In case of association, values of i will be less than unity. In case of dissociation, 
however, they will be greater than unity. For very dilute solution of K.CI, / would 
be 2. However, if the solutions are stronger, i will be less than 2. 

EXERCISES/ 

6.1 What isthc effect of temperature upon vapour pressure ?» Describe in terms of kinetic theory 
what happens when a system 'of liquid and vapour in equilibrium is (i) heated, and (ii) cooled 
down. 

6.2 Calculate the mole fraction of alcohol, QHjOH and water ut a solution made by dissolving 

9.2 g of alcohol in 18.0 g of water 

6.3 0.212 g of sodium carbonate, Na*CO v molecular mass I06g/mol, is dissolved in 250 cm 1 oi 
solution. Calculate the molarity of Na,CO, in the solution. 

6.4 A solution is 25%^ water,”25% ethanol and 50% acetic arid by mass. Calculate the mole frac¬ 
tion of each, component. 

6.5 Determine the molality of a solution formed by dissolving 0.850 g of NH a in‘100 g of water. 

6.6 Explain the 'following terms i 

(i) Mote fraction, (ii) Molarity, (in) Molality, (iv) Ideal solution, (v) ColligaUve property 

6.7 A solution of sucrose (mol. mass, 342 g/tnol) is prepared by dissolving 68.4g in lOQOg of water 
What is 

0) the vapqur pressure of the solution at 293K 7 
(n) the osmotic pressure at 293K 7 

(iii) the boiling point of the solution 7 

(iv) (he freezing point of the solution ? 

The vapour pressure of the water at 293K is 17.5,apmHg. Take any of the information required 
from the text, and assume the solution to behave ideally. 

6.8 When two miscible) iquids (A add B) are mixed there ii often a temperature change accompanying 

the establishment of the Ax—molecular interaction. Recalling that thermal energy is released 
when structure is created, what temperature would you predict for the mixing of the 

two liquids whose solution showed a negative deviation from Raoult’s law 7 

6.9 Carbon tetrachloride and water are immiscible whereas ethyl alcohol and water are miscible in 
all proportions. Correlate this behaviour with the molecular structures of the three compounds 

'6 10 Benzene, Cjb^b.p. 353.iK) and toluene, C,H,(b.p. 383.6K) are two hydrocarbons that form a 
very nearly ideal solution. At 313K the vapour pressure of pure liquids are benzene, 160 mmHg, 
toluene, 6o mmHg. Assuming an ideal solution behaviour,- calculate the partial pressures of 
xnzeoe and toluene, and the total pressure over the following solutions 

(0 one m a de by combining equal numbers of toluene and benzene molecules 
00 one made by combining 4 moles of toluene with I mole of benzene 
(m) one made by combining equal masses of toluene and benzene. 

6.11 Find the (0 boiling point, and (ii) freezing point of a solution containing 0 520g glucose 
(CjHijOa) dissolved in 80.2 g of water. For water k,—i.86 K/m. 

6.12 What is Raoult s law ? Discuss the factors responsible for deviation from (his law by taking 
suitable examples. 

613 An aqueous solution of a weak monobasic acid containing O.Ig in 21.7g of water freezes at 
272.813K, If the value of k, for water is 1.86 K/m, what is the molecular mass of the 
monobasic acid? 
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6 14 A solution of 12.5g of urea in 170g of water gave a boiling point elevation of 0 63 K. Calculate 

the molecular mass of urea taking k b =0 52 K/m. Derive any formula used. 

6 15 What is osmotic pressure ? How will you determine the molecular mass of a substance with 
this method 1 What are the conditions for getting accurate value of molecular mass of a 
substance 

6 16 At 298K, 100 cm* of a solution, containing 3.002 g of an unidentified solute, exhibits an osmotic 
pressure of 2.55 atmospheres. What would be the molecular mass of the solute ? 

6 n When fruits and vegetables that have dried are placed in water, they slowly swell and return to 

original form. Why ? Would a temperature-increase accelerate the process ? Explain. 

6 18 The normal freezing point of nitrobenzene, QHjNOj is 278.82K. A 0.25 molal solution of a 
certain solute in nitrobenzene causes a freezing point depression of 2 degree Calculate the 
value of k ( for nitrobenzene. 

6 19 Why do you get sometimes abnormal molecular masses of the substances by using colligative 
properties of the solution 7 State the factors with suitable examples which bring abnormality 
in the result thus obtained. 
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More About Electrochemistry 


Unit 8 of Part J is dealt with a study of electrolysis and other related aspects <jf it 
Electrolysis is a set of electrochemical reactions occurring at the surface of electrodes 
when an electric current is passed through an electrolyte. Here, chemical changes arc 
brought about at the cost of electrical energy. In the present Umr we shall be dealing 
with generation of electrical energy through chemical changes, 

7 1 ELECTROCHEMICAL CHANGES 

These are chemical changes in which electric currents H£>w over Unite distances 
.larger than molecular sizes They are of two kinds 4«l tho*' in which electrical 
energy is absorbed ( electrolysis ), and (ii) those which protfriee electric currents as a 
result of electron transfei chemical reactions 

In an electron transfer reaction, the substance losing electrons is said to be oxidized 
and the one gaming electrons is reduced . Since ifl any electron transfer reaction a gain 
and a loss of electrons occur simultaneously, such coupled reactions are called redo* 
changes A redox change is considered as a chemical reaction, if the electron transfer 
occurs directly between two substances over a distance of separation of the order of one 
or a few molecular diameters. Thus, if we place a plate of zinic metal in a solution of 
copper sulphate, immediately the following reaction occilrs 
Zn(s)-f Cu* • (aq)->Zn*i-(aq)+Cu(s) 

In this change, zinc atoms lose electrons to copper ions. Since the two are in direct 
contact, the electron transfer is direct and across a separation no larger ll\an, a moleciilar 
diameter. Thus, this redox change is a chemical.reaction. It is, however, possible to 
carry out a transfer of electrons from zinc metal'to copper ions indirectly when t.he two 
are separated in different vessels by making an arrangement as shown in Fig 7.1. Ih 
this arrangement, the zinc metal loses electrons to copper ions through the connecting 
wire and the copper plate dipped in a copper $ulphate'solution. The oxidation and 
reduction processes are separated from each other. 

Oxidation Zn(s)-»Zn 1- H(aq)-r2e 

Reduction _ Cu* - (aq)-f-2c~~>C«i(s) _ 

Redox change Zn(s)+C , u ,J i'aq)-*Zn !f (aq)4Cu(s) 
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Fig 7.1 An arrangement showing an electrochemical change. (Electrons flow through 
the external circuit resulting into current, internal circuit is completed due to flow 
of ions through the salt bridge ) 

The redox change occurring under these conditions is an electrochemical change. 
Electrolysis cases are also redox changes of electrochemical type. 

7.1-1 SALT BRIDGE AND ITS ROLE 

Flow of an electric current requires unbroken contacts all over the circuit For 
providing contacts between solution of electrolytes, solutions'of inert electrolytes can* 
be used. Inert electrolytes are those whose ions are not involved in the electrochemical 
changes nor do they react chemically with the electrolytes electrically connected by them. 
The link electrolyte solutions are usually of salts and, hence, the name salt bridge for 
them. Salt solutions used for bridging are taken at higher concentrations than the 
electrolyte solutions linked by them. The most often used salt bridges are KC1 and 
KN0 3 NH^NC^ is also used sometimes. The bridge is made with an agar gel. This 
arrangement prevents mechanical flow of solutions through the bridge, but provides 
free path for electrical migration of ions to maintain an electrical current through the 
involved electrolytes 

Let us consider Fig. 7.1 without its salt bridge The electrons released by zinc 
atoms can flow up to the copper plate through external circuit. There they will neu¬ 
tralize some of the Cu s+ ions from the solution. "When this has happened, for a 
short while the copper sulphate solution will acquire a negative charge due to loss of 
positive ions (Cu 2+ ions). In the meantime, zinc sulphate solution will become posi¬ 
tively charged with the new Zn a+ ions gained by it from the zinc plate Accumulation 
of charges in the two solutions will prevent further flow of electrons and the electro- 
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chemical changes will stop. When a salt bridge is used, it provides a passage for flow 
of charge in the internal circuit The negative ions move from the copper-plate end 
through copper sulphate solution, salt bridge and zinc sulphate solution to the zinc 
plate. The positive ions move in the reverse direction, i.e, from the zinc-plate side to 
the copper plate. Thus, a flow of electricity is maintained and an accumulation of 
charges is prevented when the salt bridge is used 


7.2 SOME ELECTRICAL UNITS 


It would be relevant to describe some of the electrical units which are very otten 
used in the electrical measurements. 

Coulomb : The coulomb is the amount of electricity required to deposit by 
electrolysis 0.001118g of silver from a solution, having silver ions. In terms of elec¬ 
tronic charges, 96,500 coulombs correspond to Avogadro’s number (6 02 x 10 23 ) of 
electron charges. This larger unit of electricity is called a faraday Therefore, 

1 faraday=96,500 coulombs = 6.02 x 10“ electron charges 

Ampere : The time rate of flow of electrons is measured in amperes One ampere 
stands for flow of one coulomb per second through an entire conductor. 

A current of one ampere will take 96,500 seconds for flow of one faraway through 
a conductor. Therefore, 

coulombs = amperes x seconds. 

Ohm : It is a unit of resistance or opposition to the flow of electricity through a 
conductor. Ohm is the electrical resistance at 273K of a uniform thread of mercury 
106 3 cm long and weighing 14.4521g. 

Siemen , Electrical conductance of any conductor is the reciprocal of its resistance. 
Siemen is the unit of electrical conductance and is the reciprocal of ohm. It has been 
earlier called by various names like reciprocal ohm, mho and ohm inverse. 


Volt : It is a unit of electrical potential (electrical pressure). A volt is the poten¬ 
tial needed to send a current of one ampere through a resistance of one ohm. If onr 
faraday (96,500 coulomtts) of electricity is to be pushed through a resistance of i ne 
ohm, in one second, a potential of 96,500 volts will be needed. 

Watt : The unit of electrical energy is the same as for other forms of energy. It 
is the joule. A joule is the energy corresponding to flow of one coulomb of charge 
at a potential of 1 volt. Therefore, 
joules —coulombs X volts 

The time rate of supply of electrical energy (i.e. electric power ) is measured in watts. 
One watt is the electrical'power when one joule of electrical energy is made available 
in one second. Therefore,- 

joules coulombs x v olts 
seconds “ seconds 


watts- 


-amperes xvolt 


and, joule - watt x second 

Watt-second ' It is a rather s mall unit of electrical energy. The commercial uni 
of electrical energy equals one kilowatt-hour, 
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I kilowatt-hour -1000 watts x 3600 seconds 
= 3 6 x 10 fl watt-seconds 
= 3 6 x 10" joules = 3.6 x 10* kilo-Joules 
= 3 6 X 10 3 kJ 

An electrical heater rated at 1000 watts consumes energy at the rate of 1000 joules 
per second or one kilowatt-hour (one commercial unit of electrical energy) in one 
hour 


7 3 GALVANIC OR VOLTAIC CELLS 


A cell like the combination shown in Fig 7.1, which can be used to supply electrical 
energy at the cost of chemical changes, is called a voltaic or a galvanic cell after Ales¬ 
sandro Volta (1800) or Luif Galvam (1780) who first carried out experiments for conver¬ 
sion of chemical energy to electrical energy. Operation of a galvanic cell consists of 
coupled oxidation and reduction electrochemical changes taking place at two different 
electrodes The electrons released by the oxidation reaction are pushed out into the 
external circuit In Fig 7 1 oxidation occurs at the zinc electrode. This electrode is 
called the anode because of the oxidation taking place on it It is assigned 
negative polantv as it is electron rich and pushes out electron into the external circuit. 
In Fig 7.1, reduction is shown to occur at the copper electrode and because of it 
this electrode is called the cathode Since there is a demand of electrons at the 
copper electrode for affecting reduction of copper ions, therefore, the copper electrode 
becomes electron deficient and pulls in electrons from the external circuit. Due to 
its attraction foi electrons, the reduction electrode is assigned a positive polarity. Thus. 
anode for oxidation and cathode for reduction is the rule for naming electrodes in 
electrochemical cells 


One way of preventing mechanical mix¬ 
ing of two electrolyte solutions surrounding 
the anode and the cathode is to connect 
them with a salt bridge A less efficient but 
more practical method is to use a porous 
potto separate these solutions. An example 
of this is the commercial form of Daniell 
cell (Fig 7.2). 

A galvanic cell can be set up by c. upl- 
mg together any oxidation reaction with 
any reduction reaction provided suitable 
electrode metals and electrolyte solutions 
are available and they can be so arranged 
that chemical changes will not occur until 


-zinc rod <*nod«) 

j*r-rr — porous pot 

: =3-— copper sulphate 
■ 3-^ solution 

S-I; — [is: - zinc sulphate 

Pf -F_I «- copper vessel (cathode) 

Fig. 7 2 Daniell cell (a simple galvanic cell). 


the external circuit is completed by adding one or more metallic conductors 


7.3 1 SYMBOLIC REPRESENTATION OF GALVANIC CELLS 

We have seen that a galvanic cell consists of two electrodes—anode and cathode. 
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These two electrodes are also referred as two half cells Thus, when two half cells are 
combined we get a cell. According to a universally accepted convention, when 
we represent a galvanic cell, anode is written on the left hand side This anode of the 
cell, i.e., half cell written in the left is represented by writing metal or solid phase first 
and then the electrolyte. The two are separated by a semicolon or a vcitical line The 
electrolyte may be shown as ionic species or by the formula for the whole compound 
As additional information, concentrations may be also mentioned in bracket A few 
examples of representing anode of the cell arc given below . 

Zn.Zn 2 i- or Zn | Zn' 2 or Zn; ZnS0 4 (0.1 M) 

Pt H,(latml.H 1 (1 M) 

Pt, H 2 (I atm) stands for hydrogen and platinum together as a solid phase in which 
hydrogen is adsorbed under I atm pressure condition. Comma is used between Pt and 
H 3 to indicate that they form one phase 

The cathode of a cell (at which reduction occurs) is writtenontherighthand side This 
is represented by writing the electrolyte first and the metal or solid phase thereafter, the 
two being separated by a semicolon or a vertical line. Some examples are cited below. 

Cu--(IM); Cu or Cu J (1 m) I Cu 
Cl— (.0.1 M), ci,,(! atm), Pt 

A half cell winch functions as an anode in one galvanic cell may function as 
cathode in another galvanic cell depending upon combination. 

For representing a galvanic cell, the anode and cathode formulations are 
combined In some galvanic cells, one and the same electrolyte solution 
can provide ions required for the two electrode reactions Then, no separation 
need be shown between the electrolytes of the two electrodes when combining the 
electrode formulations. An example of this type is the cell, 

Pt. H 2 (l atm) H Cl (0.1 M); Cl 2 , Pt 

in which HCI as an electrolyte provides H' lohs for the hydrogen electrode and 
Cl- ions for the chlorine electrode In other cases, where electrolytes used either 
differ in their species or in concentrations, and are in direct contact through 
a pprous separation, are separated by a single vertical fine (not a semicolon) Thus, 
Darnell cell using a porous pot can be shown as . 

Zn,ZnS0 4 , H 2 S0 4 i CuSO, {satd,); Cu 

and when a salt bridge is used it i!> indicated with two vertical lines separating the two 
half cells. 

Zn;Zn 2 -(lM)i| Cu 2 -(lM);Gu 

7 4 ELECTRODE POTENTIALS 

The difference of potentials between electrodes of a galvanic cell can be measured 
by using a voltmeter. This potential difference* is called the electromotive force (abbre¬ 
viated to emf or EMF) of the cell if no, or very little, current is allowed to flow at the 
time of measurement of the potential difference The potential measuring device also 

*In normal cases potential differences are measured by potentiometer and potential difference 
thus obtained is emf at zero current 
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fixes the positive and negative poles of the cell. Each electrode makes a contribution to 
the cell potential which we call the electrode potential. The measurement of single 
electrode potentials is not possible because during measurement whenever we dip a 
second metal into an electrolyte solution, it becomes an electrode itself and we get a 
new galvanic cell This difficulty in measuring single electrode potentials can be met by 
choosing one of the electrodes as a reference electrode and assigning to it a potential 
of Zero Volt The normal hydrogen electiode (NHE) has been universally accepted as a 
refeience electrode at all tempeiatures and, even though its own potential at different 
temperatures is different, it has been assigned the zero volt value. For normal 
hydrogen electrode, pure hydrogen kept at 1 atm pressure should bubble around a 
platinized platinum plate dipped into an acid 1 solution with a hydrogen ioa 
concentration of one mole per litre (1 M or 1 N solution). Potentials of all other 
electrodes can be found by coupling them with NHE. The EMF of a galvanic 
cell is measured and its value is assigned to the potential of the electrode. 

In case of every electrode, where the electrolyte is 1 molar in concentration, the solid 
phase consists of the pure substance or substances and if a gas is involved and it is at a 
paitial pressuie of one atmosphere, the electrode is called a standard electrode and its 
measui ed potential is called the standard electrode potential Cell and electrode poten¬ 
tials are given the symbol £ and if standard electrodes are used, the EMF is given tfce 
symbol £' 

The solid phase and the electrolyte lor anelectrode remain together in an equilibrium 
state. Thus, the equilibrium between Zn and Zn 2 *- in a solution can be represented as; 

Zn(s)^Zn=+(aq)+2e- 

The forward reaction is the oxidation reaction and the reverse one the reduction 
reaction. Thus, all electrode systems are redox systems. When coupled with NHE, 
some electrodes undergo reduction reaction permitting NHE to undeigo oxidation 
reaction. Other behaves in a reverse way when they undergo oxidation and reduction 
occurs at NHE. Every electrode can be made to undergo an oxidation or a reduction 
reaction by choosing an appropriate coupling electrode In fact, an electrode may 
accept electrons from the external circuit or push electrons into it, depending on the 
conditions under which it is operating. If, on combination with NHE, an electrode 
spontaneously undergoes reduction process, it is said to have a positive value of reduc¬ 
tion electrode potential. It can also be said to have an equal but negative value of oxi¬ 
dation electrode potential. The negative sign of oxidation potential is to remind that the 
oxidation at the electrode (when coupled with NHE) will not be spontaneous. It can 
be only forced by using appropriate external potential. By the same argument, for an 
electrode wh.ch spontaneously undergoes oxidation change when coupled with NHE, 
it will have a positive value of oxidation electrode potential and a negative value of 
reduction electrode potential A simple scheme for determining standard electrode 
potential using NHE as a standard is shown in Fig 7.3 

Next, we may think of drawing lists of standard electrode potentials for the known 
electrode systems. This can be drawn as standard oxidation electrode potentials or 
us standard reduction electode potentials. Since some (and not all) electrodes 
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Fig 7 3 A scheme for determining the standard electrode potential (I lydrogun electrode 

is shown in the left) 

undergo spontaneous reduction change when coupled with NHE, either ot-the lists will 
have some values positive and the others negative The list preferred these days is of 
standard reduction electrode potentials A partial list of common standard reduction 
electrode potentials is given in Table 7 1 One advantage of using the list of reduction 


TABLE 7 I 

Standard Reduction Electrode Potentials at 298k in Water* 


Electrode 

Electrode reaction (reduction) 

£• (volts) 

Li; Li+ 

Li+-f-e~- *■ Li 

- 3 05 

K, K+ 

K++e--► K 

- 2.93 

Ba,Ba*+ 

Ba J + -t-2e--► Ba 

- 2,90 

Ca, Ca»+ 

Cat+ + 2t--> Ca 

- 2 87 

Na, Na+ 

Na' L 4 e_ -*■ Na 

-2 71 

Mg; Mg*+ 

Mg*++2e- -*■ Mg 

- 2 37 

Al, Al 3 + 

Al*+ + 3e--—>■ Al 

t 66 

Zn; Zn*+ 

Zn*+-f-2e-»■ Zn 

-0 76 

Fe; Fe**- 

FeM-+2e--► Fe 

-044 

Pb, PbS0 4 ;S0 4 « 

PbSO*+2e- ->Pb-t-SO,i- 

-0 31 

Co, Co*+ 

Co«++2e--> Co 

-0.28 

Ni; Nit+ 

Ni>++2e-► Nt 

-0.25 

Sn; Sn>+ 

Sn«l-+2e.--► Sn 

-0 14 

Pb; Pb*‘ 

Pb»+-|-2e-—► Pb 

- 0.13 

Pt, H„H- 

2H+ + 2e--► H, 

+0 08 

Cu; Cu*+- 

Cutr-(-2e--► Cu 

—0.34 

Ag; A*+ 

Ag+-|-e--»• Ag 

4-0.80 

Cl—; a* Pt 

Clj+2e-->■ 2CI- 

41.36 

Au; Au»+ 

AirM--!-*-->• Au 

41.50 

F-;F», Pt 

F.-f 2e--*■ 2F- 

42.87 


'Standard oxidation electrode potentials will have the Same values with the sign reversed 
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potentials is that the sign of the reduction potential is also the polarity sign of the elec¬ 
trode when coupled with NHE to construct a galvanic cell. The more negative the 
reduction electrode potential for an electrode, the more powerful it will be in a competi¬ 
tion for pushing out electrons into the external circuit. Therefore, the more powerful 
it will be for undergoing the oxidation reaction and the more difficult it will be to reduce 
the corresponding ions in the electrolyte. Thus, metals like Li and K will readily 
provide electrons for reducing cations like Cu 2+ and Ag + . 


7.4.1 ELECTRO-CHEMICAL SERIES 

Half-cell potential or electrode potential indicate the relative ease with which the 
various involved species of metals and ions may be reduced or oxidized Thus, the high 
negative reduction electrode potential of the lithium electrode indicates that it will be 
very difficult to reduce Li+ ions to Li atoms but it will be most easy for Li to get oxi¬ 
dized to Li+ ions. It also indicates that it will be more difficult to reduce Li+ ion 
than H 4 -ion. So, when Li metal is added to a solution having H+ions, Li is oxidized 
to Li* and H+ ions are reduced to H a gas. Further, if Li r ions are themselves very 
difficult to get reduced, they cannot easily accept electrons from other substances and 
will, therefore, be very poor oxidizing agent. 

In Table 7 1, the most active metals occur at the top. We can, thus, make the gene¬ 
ral statement that the more negative the reduction electrode potentialfor a metal-metal 
ions electrode, the more reactive this metal will be in displacing other metals from their 
salts Thus the EMF series of Table 7.1 also provides the activity senes or electro¬ 
chemical series of metals. It is possible to demonstrate in the laboratory that any 
metal given in Table 7.1 displaces the metals given below it from their salt solution 
For example, copper lies just above silver, if copper foils are added in silver nitrate 
solution, silver is replaced from the solution. We can take many such examples 

Half-cell potentials can be combined to get the galvanic cell potentials 


7.5 ELECTRODE POTENTIALS AND ELECTROLYTE CONCENTRATIONS 


We have considered the electrode potential of the electrode in the standard state 
In general, galvanic cells are operated under concentration conditions different from the 
standard-state conditions. The relationship between electrode potentials and concen¬ 
trations of the involved substances in the electrode or half-cell reaction is given by Nernst 
equation For reduction electrode potentials, the half-cel! reaction should be written 
as the reduction reaction. The concentrations of pure solids and liquids are regarded 
as unity The general reduction electrode reaction is ■ 

i4 n+ +ne~—>A 


Nernst equation for the above reaction may be written as 
E = E° 


2.30 RT . [A] 


nF 


Using the values : _ft = 8.314 JK 1 mol" 1 , T = 298K (usual value, the temperature at 
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which S 

E = E J - - 


values are tabulated), and F-96, 500 coulombs 
0.059 . [A] 

rt i0g iA^ 


Example 7.1 

Calculate the half-cell potential at 298K for the reaction, 

Cu 1+ (aq)-| 2e~ -»Cu(s), if [Ci^+J is 5.0M and £° is-f-0.34 volt. 


So/ufton 

According to Nernst equatior 
£=£° 


0.059 [Cu] 
° 8 [Cu*+j 
1 . 


2 

0.059 


= 0.34— log 5 -^=0.34—0.0295( —0.7Q) 

= (0 34+0.02) volt = 0 36 V 


7.6 CELL POTENTIALS FROM ELECTRODE POTENTIALS 

The EMFofagalvamc cell, £ ce ii can be readily calculated from the reduction half-cell 
potentials using the following relationship. For a cell formulation showing the anode 
on the left hand side and the cathode on the right hand side, the cell potential is given by 

Cecil = Fright —Eletl = Fcathode—F»D 0 de 

It should be lemembered that in this relationship both half-cell potentials are reduc¬ 
tion electrpde potentials. A negative value of standard reduction potential of an 
electrode means that at this electrode reduction will not occur and oxidation will occur 
when this electrode is coupled with NHE. Similarly, if on calculating the cell potential 
according to above relationship we get a negative value, it will mean that in actual ope¬ 
ration of the cell the electrodes will have reversed functions for what have been assigned 
to them. 

Example 7.2 

Claculate the standard cell potentials for the cells : 

(i) Zn; Zn 2 +(IM) || Cu 2 +(lM);Cu 
(u) Ag; Ag+(IM) I! Cu 2 +(IM); Cu 

Solution 

Fcell = F r ight— Fi e jt 

(i) Ecm - +0.34-(-0.76)=0.34+0.76 = 1 10 V. 

(li) Fceii ■= +0 34-0.80= -0.46 V 
Here electrode potential values are taken from Table 7.1. 

The positive value of F c «,u for the first cell means that zinc will be the anode and 
copper will be the cathode of the cell. The negative value of £ c <ai in the second case 
means that in this cell Ag electrode will not be the anode; it will instead be the cathode 
and the anode function- will take place on the copper electrode. 
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7 7 SOME ENERGY PRODUCING CELLS 

Daniell cell shown in Fig 7.2 is used in the 
laboratory as a source of electrical potentials. 
Dry cells used in batteries are based on the 
Lechlanche’ cell. The latter uses a ^plution 
of ammonium chloride while the former uses 
a paste which does not flow Fig 7 4 shows 
a dry cell construction The central carbon or 
graphite cathode has a brass cap for better 
contact Tills is the positive electrode of the 
cell It is surrounded by a cloth bag containing 
a paste ofNH 4 Cl, MnOj, and carbon powder. 
The zinc anode surrounds the paste and the 
cell has an outer insulation of a cardboard 
case During use the zinc case gets consumed 
and m the end it will develop holes which are 
responsible for leakages The so called leak 
proof diy cells have an iron or steel sheet covering the zinc. This is inert for the paste 
used Thus, even when the zinc case is consumed, holes are not developed and no 
leakages occur Actual reactions of the cell are complex. The reaction may be shown as' 
Anode reaction 1 Zn(s)-->Zn 2 4 (aq)-f 2e~ 

Cathode reaction 2NH 4 ! (aq)-f-2Mn0 a (s)+2e--vMn 2 0 3 (s)4-2NH 3 (aq)-)-H 2 0(l) 
Ordinary dry cells are not rechargable. We have on the market rechargable dry 
cells based on nickel-cadmium batteries The electrode reactions are . 

Anode reaction . Cd($)4-20H - (aq')->Cd(0H) 5 (s)4-2e~ 

Cathode reaction NiO a (s)-f-2H s O(i)-|-2e-—*Ni(0H} a (s)-f20H--(aq) 

In this cell, no gas is formed or lost The reaction products stick to the electrodes 
and can be reconverted by recharging the cell as for the lead storage battery used in 
motor cars 

EXERCISES 

7.1 A conventional method of representing Darnell cell is 
Zn(s); Zrfl+ (aq)flM) || Cu z +(aq) (lM);Cu(s) 

(i) Draw a diagram of the cell and mark anode and cathode as currenl is drawn 
fii) Give the net reaction as current is drawn. 

(in) What is the cell potential at 298K ?• 

7 2 A cell is set up between copper and silver Cu(s); Cu*+(aq) || Ag+(aq); Ag(s) 

If the two half cells work under standard conditions, calculate the e m f of the cell 

7.3 What are the standard electrode potentials for cells in which tbc following reactions occur : 

(0 Cu J 1 (aq) + H a U)-*2H+(aq) + Cu(s); 

(lit C" i4 (aq) + Zn(s)-vCu(s) ZrA+(aq) 

'in) 2Cr(s) + 3Cu«+(aq)-*-2Cr*+(aq) 4- 3Cu<i) ’ 

7.4 Describe the following . 

(0 Oxidation potential 

(ii) Reduction potential- 

(tii) Normal hydrogen electrode 



brass conducting cap 
— 7inc cast <anoci«) 


Graph/1» rod 
(cathode 1 

Pastcof NH 4 C, 
MrOj and 
Carbon 

Card board caSv 
(for insulation! 


Fig 7 4 A schematic representation of 
a dry ceil 
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7 5 Explain the difference between . 

0) emf and potential difference 
(ii) Electrochemical cell and electrolytic cell 
(in) Electron movement and ion movement 

7 6 For each of the following standard cells, with the help of Electrode Potential Table, calculate 
E° and indicate that which electrode is anode. 

(0 Al/ Al»+(aq) versus Cu / Cu*+ (aq) 

(u) Al/ AU+(aq) versus Mg/ Mg>+(aq) 

(ill) Cu/ Cu*+ (aq) versus Mg/ Mg3+(aq) 

7 7 In a simple electrochemical cell, which is in the standard slate, the half-cell reactions wdh their 
appropriate oxidation potentials are : 

Pb(s) - 2e--*Pb*+(aq), (E° = 4-0.13V) 

Ag(s) - e-—*■ Ag+(aq), (E°=—0.80 V). 

Which of the following reactions take place 7 Also calculate the EMF of the cell in the given 
condition, 

(i) Pb*+(aq)4-2 Ag(s)-~*-Ag+(aq)4-Pb(s) 

(ii) Pb»+(aq)4’Ag(s)=>Ag+ (aq) 4- Pb(s) 

(ill) Ag+(aq)-f-Pb(s)->Ag (s)4-Pb*+ (aq) 

(iv) 2Ag+(aq)4-Pb(s)->2Ag (s)4-Pb*+ («l) 

7 8 Arrange the metals in an increasing order of the reactivity. Which one is the strongest reducing 
agent and which one will be the weakest ones : 

Mg, Na, Ag, Cu, Fe, Zn 

7.9 What are the uses of electrochemical changes ? 

7.10 Write short notes on the following • 

(0 Salt bridge 

(ii) Electrochemical series 
(lit) Daniel! cell 
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In this Unit we shall be concerned with situations m which surface properties of 
substances assume importance. Surface effects are predominant for rough surfaces 
and finely divided materials. Under these conditions, an appieciable part of a subs¬ 
tance is present at or near suiface The important phenomena to be considered under 
these conditions are nthoi prion, colloidal state of substances and heterogeneous chemical 
reactions 


8 I ADSORPTION 


A surface separates two phases or material areas If at this surface some substance 
A has a concentration in the surface layer which is different from the concentration of 
A in the bulk phases, A is said to be adsorbed at the surface. The existence of a substance 
at a surface m a different concentration than in the adjoining bulk phases is called 

adsoiption It differs from absoiption in 
one important aspect. Absorption of a 
substance A by a substance B means that A is 
uniformly distributed all over B Adsorption, 
on the other hand, means that A may be pre¬ 
sent on the surface of B in a high concenira- 
tion, but concentration of A in parts of B away 
from the surface will be ml or very low. This 
will be clear from Fig 8 1. The adsorbing bulk 



Fig 8 I Simple representation of adsorp- 
non and absorption (Solid 1 has adsorbed 
the gas on its surface The interior has no 


substance is called the adsorbent and the subs¬ 
tance being adsorbed is called adsorbate The 
process of removing an adsorbed substance from 


gas Solid 2 has absorbed the gas uniformly) a surface on which it IS adsorbed IS called 


desorption 

Only surface particles on an adsorbent play an active 1 ole in adsorption These 
particles possess unbalanced orTmutilized forces of various types such as van der Waals 
forces and even chemical bond forces. These come into existence as soon as a solid 
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piece is broken into two to develop two new surfaces (Fig 8 2) In a whole piece, every- 
whei< in the interior parts, available 

forces are used in binding together j | J J 

the constituent particles. Thus, on * ~-X — — X — 

creating a new surface, some forces_J,_J, _ *■ I ^ I 

are left free to acton particles of gases j ■ ? 

and solutions around and to attract 

them and then hold them on the surface. F ‘ s 8 2 U ” balJllced f ° rces at a ncwl * formcd 

„ . . , , . > surface. 

This is how adsorption occurs. 

Types of Adsorption Adsorption on a surface ordinarily means an increase in the 
concentration of adsorbate at the surface lelative to its concentration in the bulk phases 
This is called positive adsorption. In the case of some liquid solutions, it is observed 
that the solute concentrations are Jess in the surface layer than in the interior or bulk 
parts of the solution These cases are also discussed under adsorption because of the 
differences in concentrations! Such adsorptions are called negative adsorptions 

If the adsorbate is held on a surface by forces or van der Waals type, the adsorption 
is called van der Waals adsorption, physical adsorption or physnorption If the 
forces holding the adsorbate are nearly as strong as experienced in usual chemical bond¬ 
ing, the adsorption is given the name chemisorption, chenuenl adsorption or Langmuir 
'adsorption 

All adsorptions occur with release in energy and are found to be exothermic in 
nature. In an adsorption process, the enthalpy change for adsorption of one mole of 
adsorbate on an adsorbent surface is called enthalpy or heat of adsorption for the parti¬ 
cular adsorption Heat of adsorption for chemisorption is more than that for van der 
Waals adsorption. Heats of chemisorption are of the order of 400 kJ per mole while 
those for van der Waals adsorptions are about 40 kJ per mole. Table 8.1 gives a 
comparison of physical adsorption and chemisorption. 

TABLE 8 1 

Comparison between .Physical and Chemical Adsorption 

Physical adsorption Chemical adsorption 

1. Low heats of adsorption usually in the range 70-40 High heats of adsorption usually in the 

kJ mol-t; attraction due lo van der Waals forces, range 40-400 kJ mol-t, attraction due to 

chemical bond forces 

2. Usually occurs at low temperatures and decreases Occurs at high temperatuies. 

with increasing temperature 

3 Reversible, Irreversible 

4 The extent of adsorption is approximately related No correlation, 

to the ease of liquefaction of the gas. 

5. Not very specific. Often highly specific. 

6. Forms multimolecular layers. Forms monomoleculax layers. 

7 Rate of increase in adsorption with pressure is Rate of increase in adsorption with pres- 
much higher at higher pressure sure progressively decreases as pressure 

increases. 
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8.2 ADSORPTION OF GASES ON SOLIDS 

The extent of adsorption of a gas on a solid depends on the following factors : 

(i) The nature of the gas and of fhe solid. 

(ii) The surface area or the specific area* of the solid. 

(iu) The partial pressure of the gas in the gas phase. 

(iv) The temperature of the system. 

(v) The activation of the adsorbent solid. 

Let us consider these points one by one. 

Adsorption and Nature of Gas ■ Physical adsorptions are non-specific. Thus, every 
gas is adsorbed to a lesser or a greater extent on all solid surfaces. For a given solid 
surface, it is found that gases which can be condensed more easily are adsorbed to greater 
extents for specified values of partial prfessures and temperatures Thus, adsorption of 
vapours is more than of permanent gases. 

Chemisorptions are more specific in nature. A gas will be chemisorbed on such 
solids only with which it can combine chemically. 

Adsorption and Nature of Adsorbent . A common example of adsorbents is 
charcoal It is known to adsorb strongly most of the easily liquefiable gases. Most 
poisonous gases belong to this type and charcoals of various types are used in gas 
masks. 


Adsorptions of hydrogen, oxygen and nitrogen occur on metals 
Adsorptions are more on porous forms of adsorbents, but the pores should be large 
enough to allow the diffusion of gases. 

Adsorption and Pressure of the Gas : For understanding the effect of pressure on 
adsorption, we should note that adsorption is an equilibrium process. If the adsorbent 
and the adsorbate are enclosed in a closed vessel, a st^ge is reached when the amount of 
gas adsorbed equals the amount desorbed. Thus, after an initial decrease in the pres¬ 
sure of the gas, gas pressure as well as the amount 



e p t 

Fig. 8.3 Change ia x/m with io- 
c Me in gas pressure. 


of gas adsorbed reach constant or equilibrium 
values The amount of gas adsorbed depends on 
the surface area of the adsorbent or on its mass 
if the adsorbent is taken in the form of a powder. 
The extent of adsorption is Usually expressed as 
xjm, where m is the mass of the adsorbent and x is 
the mass of the adsorbate adsorbed when adsorp¬ 
tion equilibrium is reached, x/m can be reb m 3 
to the equilibrium pressure, p, of adsorbate 
gas. A graph drawn between xjm and p at a 
constant temperature is called an adsorption iso¬ 
therm. The simplest type of adsorption isotherm 
is shown in Fig 8.3. At a value p, of equilibrium 
pressure, xjm reaches its ma ximum value and then 


•Specific am of an adsorbing solid u the surface area per gram of the a dsorben t 
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it remains constant even though the pressure p is increased. This state is known as 
saturation state in adsorption and p e is called the satin ation pressure. This type ot 
adsorption isotherm is observed in cases where the adsorbate forms a ummolecular 
layer of it on the surface of the adsorbent. At low values of p the graph is nearlv 
straight and sloping. This is expressed by the following equation : . 

— oc p l or — constant x p' ..(81) 

m m 

At high pressures x/m becomes independent of the values of p. In this range ot 
pressures • 

— ocp" or -4- => constant x p u .(8 2) 

m m 

In the intermediate ranges of pressure, x/m will depend on p raised to powers between 
I and 0 or fractions. For a small range of pressure values we can write . 


— oc p n or — -kp n ..(8 3\ 

m m 

Taking logarithms on both sides of Eq 8.3, we get : 

log = log k + -jjp log p .(8 4) 


Accordingly a graph between log {x/m) and log p 
on the log (x/m) axis equal to log k and 
the slope of the line equal to l/n (Fig 8 4) 

The equations 8.3 and 8 4 and the cor¬ 
responding graphs shown in Figs. 8.3 x 
and 8.4 arc different ixpressions of 104 ST 
Freundhch adsorption isotherms. 

Adsorption and Temperature of the 
System According to Le Chatelier 
principle applied to equilibrium states, 
if in a dynamic equilibri'drii process, 
forward change (adsorption) takes place 
with evolution of heat (exothermic) and pj g , 
a reverse change (desorption) takes place 
with absorption of heat (endothermic), a rise in temperature will favour the endo- 
theimic process. This argument shows that with rise in temperature adsorption 
should decrease. A graph drawn between amount adsorbed (x/m) and tempera¬ 
ture (r) at a constant equilibrium pressure of adsorbate gas is called an adsorption 
tsobar. Adsorption isobars of physical adsorption and chemisorption show one 


be a straight line with an intercept 



loi P 


4 Linear graph between log— and logp 
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important difference (Fig 8 5) and this difference is used for experimentally distingu¬ 
ishing chemisorption from physical adsorption While the physical adsorption isobar 
shows a decrease in xjm all along the rise in temperature, the chemisorption isobai 
shows an initial increase with temperature and then the expected decrease The 
initial increase shows that, like chemical reactions, chemisorption also needs activation 
energy 

Activation of an Adsoibsnt • It is an attempt at increasing the adsorbing power of 
an adsorbent. One way of doing it is to increase the specific area of the adsorbent 
This is attained by making the surface of the adsorbent rough. This may be done by 
mechanical rubbing, by chemical actions or by depositing finely dispersed metals by 
electroplating. The other method is to subdivide the adsorbent into smaller pieces or 
grains. The latter method has a practical limitation Too fine a powder will make the 
penetration of gas difficult and, hence, it will start obstructing adsorption. 

Most manufacturers keep their methods of making active adsorbents well guarded 
secrets. In chemisorption cases, it is not only the surface area that matters but also 
the extent to which valence bond forces are'free The surface, edge, corner and peak 
atoms on an adsorbent will all have different capacities for chemisorption How a 
desired activity is created is an art This has to be learnt. Charcoal is activated by 
being heated in superheated steam. 


8.3 COMPETING ADSORPTION 

If we expose active charcoal in a gas mask to chlorine gas, we will find that it takes 
up chlorine. Before exposure to chlorine, the charcoal must be having gases contained 
in air adsorbed on its surface. These have been displaced by chlorine, which happens 
to be more adsorbable. This takes us to the two general conclusions given below. 

(i) A more strongly adsorbable substance can replace an already adsorbed substance 
if latter is held by weaker forces. 

■ (ii) From a mixture of adsorbates, the more adsorbable adsorbate may be adsorbed 
to a much greater extent than its partial pressure indicates. Thus, moisture in air, 
though present to a small extent, is strongly adsorbed over silica gel. Silica gel is used 
for drying air by adsorption of moisture. Charcoal also adsorbs polluting gases 
present in air w small concentration. 
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8.4 ADSORPTIONS FROM SOLUTIONS 

Just as activated charcoal adsorbs chlorine and other poisonous gas from air in 
preference to oxygen and nitrogen, adsorbents adsorb certain solutes from solutions in 
preference to other solutes and solvents. This fact is used for adsorbing colouring 
matters from solutions of organic substance. Raw sugar solution is decolourized by 
animal charcoal. From a solution of acetic acid or oxalic acid in water, charcoal ad¬ 
sorbs the acids. For all these adsorptions, Freundlich adsorption isotherm relation¬ 
ship is.found to be applicable. In place of equilibrium pressures we use the equilibrium 
concentrations of adsorbates in solutions. 


x -- 

— = kc n .(8;5i 

m 

log = log k + — log c 


A graph drawn between log ( x/m ) and log c is found to be a straight Hne for small 
ranges of concentrations A saturation adsorption is reached at certain concentration 
characteristic of the adsorption-adsorbate system used. 


8.5 APPLICATIONS OF ADSORPTION 

The process of adsorption is widely used in the removal of undesirable colours and 
odours from solutions and gases. Mixtures may be separated making use of differences 
in adsorbabilities of components. Adsorption provides an efficient technique for 
concentration of substances present in very dilute solution?. Several valuable recover¬ 
ies are made from industrial wastes. Softening of hard water by ioq exchangers, and 
chromatographic techniques are based on the principle, of competing adsorption. 
Activated charcoal is used to remove colouring matter from solutions of sugar and other 
organic compounds. Silica gel is particularly useful for removing moisture from air 
-in the storage of delicate instruments which might be harmed from contact with 
moist air. 

Adsorption measurements have been used for measuring surface areas of powders 
and rough surfaces. 

8.6 ROLE OF ADSORPTION IN CATALYTIC REACTION 

Adsorption is particularly important in catalytic activity. Many gaseous reactions 
proceed reapidly in the presence of suitable solid catalysts. This is 1 because of adsorp¬ 
tion of the reactants on the surface of the catalyst Granular forms of catalysts are 
more effective due to their larger adsorbing areas. 

There are many gaseous reactions of industrial importance involving the usd of solid 
catalysts. Some examples are ; (i) methanol is produced by the reaction of CO and 
H, using ZnO -Cr a O, catalyst, (ii) SO, is formed from SO, and O, by contact proc&s 
using platinized asbestos and vanadium poatoxide as catalysts, and (hi) manufacture of 
ammonia by Haber’s process is based on the use of iron asa catalyst. 
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Adsorption provides the following aids for the catalyzed reaction : 

(i) Adsorption of a reactant molecule makes attack of other molecules on it easier. 
The adsorbed molecule is not free to move about and escape collisions. 

(li) Adsorbed molecule may expose a more vulnerable part for reaction with 
other molecules. 

(iii) Adsorbed molecule may be dissociated to form active atoms or free radicals 
which react much faster than molecules. It is true for the reactions of hydro¬ 
gen which splits into atoms during adsorption on metals like nickel and 
platinum. 

(iv) Simultaneous adsoiption of reactants also provides increased concentration 
condition. Reactions proceed more rapidly at higher concentrations of 
reactants. 

(v) Adsorption, specially chemisorption, provides activation energy due to heat 
of adsorption evolved in the process. 

8.7 COLLOIDAL STATE 

Colloidal soutions are intermediate between true solutions and suspensions. The 
diameters of colloidal particles may range from 1 to 1Q0 nm Their unique properties 
are due to the small size of particles. As a result, the colloidal particles may not settle 
down under the force of gravity even on long keeping. Ordinary suspended particles 
settle down sooner or later. Compared to molecular solutes, colloidal particles have 
much slower rates of diffusion Practically all substances can be made to exist as 
colloidal particles and the earlier classification of substances as crystalloids and 
colloids is now regarded as unnecessary. 

A colloidal system is always heterogenous and consists of at least two phases : the 
disperse phase (the phase constituting the colloidal particles), and the dispersion medium 
(the medium in which these colloidal particles are dispersed). In a colloidal solution, 
each particle is contained within its own boundary surfaces which separate it from the 
continuous dispersion medium. In a true solution, the solute and the solvent form 
one phase in which their respective small molecules are randomly mixed. 

The total surface area of the colloid particles in a colloidal solution is very large. 
Let us consider a solid lump of the size of one centimetre cube. Its 6 faces have a sur¬ 
face area of only 6 square centimetres. When the same lump is broken down to parti¬ 
cles of millimicron (10 _6 m) cube size, the total surface area becomes 6,000 square metres. 
So large surface area of particles derived from the single original cube, having only 6 
square centimetres of surface, represents a large increase m the surface to volume ratio. 
Under this condition, adsorption by colloidal particles assumes great importance. 

8.8 CLASSIFICATIONS OF COLLOIDAL DISPERSION 

The colloidal solutions are frequently classified in terms of the state of the disperse 
phase and dispersion medium Either of these can be solid, liquid or gas. Only 
eight types of colloidal solutions are formed (Table 8 2). The gas-gas mixtures are 
always true solutions. ( olloidal solutions are often also called sols. 
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TABLE 8 2 

Some Common Colloidal 

n- 

Systems 

Dispersed 

phase 

Dispersion 

medium 

Colloidal system 

Examples 

Gas 

Liquid 

Foam or froth 

Soap suds, lemonade froth 

Gas 

Solid 

Solid roam 

Pumice stone, styrene foam, rubber 

Liquid 

Gas 

Aerosols of liquids 

Fog, clouds, insecticide sprays 

Liquid 

Liquid 

Emulsions 

Milk, emulsified oils and medicines 

Liquid 

Solid 

Gels 

Cheese, butter, boot polish, table jellies 

Solid 

Gas 

Aerosols of solids 

Smoke, dust-storm 

Solid 

Liquid 

Sols 

Most paints, starch dispersed in water, 
gold soi, muddy wilei 

Solid 

Solid 

Solid sols' 

Black diamonds, minerals, ruby glass, gem 
stones 


Based on the nature of dispersion media, colloids are sometimes grouped as hydro- 
sols (in water), alcosols (in alcohol), benzosois (in benzene), aerosols (in air), etc. 
Colloidal dispersions may also be classified as lyophobic (solvent-hating) and lyo- 
ph'ilic (solvent-loving) sols. If water is the dispersion medium, the terms used are 
hydrophobic and hydrophilic sols respectively. Lyophobic sols are relatively less stable 
compared to the lyophilic sols. Such sols are easily precipitated (or coagulated) on the 
addition of small amounts of electrolytes, by heating or agitation Further, these sols 
are irreversible. Their coagulated masses cannot be brought back into the colloidal 
state by merely shaking them up with the dispersion media. Examples of lyophobic 
sols include sols of metals, and their insoluble compounds like sulphides and oxides 
Lyophobic sols need stabilizing agents to preserve them. On the other hand, lyophilic 
sols are self-stabilized because of strong attractive forces operating between the two 
phases. They are reversible sols. The solids obtained after their evaporation may be 
reconverted to the sol state by simply agitating them with the dispersion medium. 
Examples of lyophilic sols include sols of proteins in water solution and of certain high 
polymers in organic solvents. 

8.9 MULTIMOLECULAR, MACROMOLECULAR AND 
ASSOCIATED COLLOIDS 

It is convenient to distinguish between multi molecular and macromolecular colloids. 
In the colloidal solutions of the first type, the colloidal parades consist,pfi aggregates 
of atoms or »hi»I1 molecules with diameters of less than i tun. Fdt example, a gold 
sol may contain particles of various sizes having several atoms. Sulphur sol consists 
of particles containing, a thousand'Or so of S,-sulphur molecules, (hew are . held 
together by van der Waals force*. 
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In the macromolecular type of colloids, the dispersed particles are themselves large 
molecules. These are called macromolecules They have very high molecular masses 
(from thousands to millions) Macromolecular substances are usually polymers 
Examples of naturally occurring macromolecules are starch, cellulose and proteins. 
There are many types of man-made macromolecules also such as polyethylene, nylon, 
polystyrene, synthetic rubber, etc. Their molecules have large sizes and contain large 
number of atoms, too. Since these molecules have dimensions comparable to those of 
colloidal particles, their dispersions are called macromolecular colloids. These disper¬ 
sions resemble true solutions in some ways. 

There is yet another type of colloids which behave as normal, strong electrolytes at 
low concentrations, but at higher concentrations exhibit colloidal state properties con¬ 
sistent due to the formation of aggregated paitides. These ate known as micelles 
Such substances are referred to as associated colloids Surface active agents such as 
soaps and the synthetic detergents belong to this class They are capable of forming 
ions One or both species of ions formed may have colloidal dimensions. These 
substances consist of organic molecules with lyophilic as well as lyophobic parts These 
associate together to form micelles The micelles may contain as many as 100 mole¬ 
cules or moie. Sodium stearate (C 17 H 35 COONa) is an example of associated colloids. 
On dissolving m water it gives sodium and stearate ions. The stearate ions (C 17 H 36 COO-) 
associate to form an ionic micelles of colloidal size. 

8 10 PREPARATION OF COLLOIDAL SOLUTIONS 

, Lyophilic and lyophobic colloids are generally prepared by different types of 

methods 

Lyophobic Sols 

Lyophobic sols are prepared by two types of methods . (i) Condensation methods, 
and (n) Dispersion methods. 

Condensation Methods • These methods are based on the essential principle that 
the materials from which the colloidal sized particles are made are initially present as 
small ions or molecules. These ions or molecules are induced to combine together to 
form aggregates of colloidal size but not larger. Methods used may be based on che¬ 
mical reactions producing insoluble products or physical changes leading to a graded 
and slow separation of an insoluble form of substances Some examples follow. 
Chemical Methods 

Oxidation • An aqueous solution of H a S and H z Se may be oxidized by bubbling 
oxygen or adding sulphur dioxide solution. Sulphur or selenium thus separated may 
form a sol, if the concentrations of solutions are carefully selected. 

Reduction Sols of some metals like silver, gold and platinum are prepared by the 
reduction of their compounds soluble in water, using reducing agents like formaldehyde 
and hydrazine 

Hydrolysis : This method is used to prepare sols of hydrous oxides of weakly 
electro-positive metals like iron, aluminium, tin, thorium, etc. Ferric hydroxide sol 
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is easily obtained by pouring a dilute solution of ferric chloride into boiling water and 
continuing the boiling for some time 

Double Decomposition : Sols of silver halides are obtained by mixing dilute solutions 
of silver salts and alkali halides in equivalent amounts An orange coloured arseruus 
sulphide sol is formed by mixing water saturated with hydrogen sulphide and a dilute 
solution of arsemous oxide Silicic acid sol is generally prepared by a double decom¬ 
position reaction between dilute solutions of sodium silicate and hydrochloric acid. 

Physical Method 

Exchange of Solvent Colloidal solutions of many substances can be prepared by 
pouring the solution of the substance in a suitable solvent into another solvent in 
which the substance- is insoluble but ..the first solvent is miscible. For example, it an 
alcoholic solution of sulphur or phosphorus is. rapidly mixed with water, a colloidal 
solution is obtained. Such sols'are usually unstable 

Dispersion Methods In these methods, lumps of the substance are broken into 
particles of colloidal size in presence of the dispersion medium by suitable ^mechanical 
means The sol is stabilized with some suitable stabilizer. The required dispersion 
may be carried out in any of the following ways. 

Mechanical Disintegration . In this method, colloid mill, ball mill, or ultrasonic 
disintegrator are used for preparing colloidal solutions 

Electrical Disintegration , In this process, dis¬ 
persion as well as condensation steps are involv¬ 
ed. Sols of metals may be prepared by strik¬ 
ing an electric arc between electrodes of the 
relevant metal immersed in the liquid medium. 

The high temperature 1 of the arc vapourizes 
some of the metal, which then condenses to form 
colloidal sized particles (Fig 8.6). 

Peptization : In some substances particles of 
colloidal size are held together weakly in the bulk 
form of the substance. This u Very much true 
of freshly formed precipitates. Such a substance 
can be easily dispersed by shaking it up with the 
dispersion medium. This process is called pep¬ 
tization. Addition of peptizing agents helps the process. Ionic compounds are 
peptized by electrolytes having an ion common with the disperse phase. 

Lyophilic Sols 

Lyophihc sols can be prepared When the material to be dispersed is brought m con¬ 
tact with or warmed with suitable dispersion medium. Fpr example, gelatin, gum 
arabic, starch, egg albumin, glycogen and soaps are peptized by water. 

Cellulose nitrate is peptized by various organic solvents, e.g. a mixture of ethanol and 
ether. The product obtained is commercially called ‘collodion’. 


NT Battery 
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8.11 PURIFICATION OF COLLOIDAL SOLUTIONS 

The colloidal solutions prepared by the above methods invariably contain impuri¬ 
ties of electrolytes and other soluble substances. Large amounts of electrolytes des¬ 
tabilize sols. Their removal is often called for. An important method of removing 
soluble impurities of sols is called dialysis. 

Dialysis : Purification of a sol by this method is based on the fact that particles of 
colloidal size cannot pass through prachment paper or cellophane membranes. Small 
molecules and ions can pass through these membranes. A bag made from the membrane 
is filled with the colloidal solution and it is suspended in fresh water. To increase the 

rate of dialysis, warm water may be 
used. Movement of ions across the 
membrane can be made faster by put¬ 
ting twa electrodes in water outside the 
membrane. An electric field of appro¬ 
priate strength is applied (Fig 8.7). 
This modified dialysis is known as 
electrodialysis. 

Ultrafiltration-. Now it is possible 
to have treated filter papers and porous 
pots which permit passing out of solu¬ 
tions of ordinary solutes but retain col¬ 
loidal particles. Such filters are called 
ullrafilters. Increased pressure or suction is required to force liquids through the 
small pores, while the sol prticles are retained. 

8.12 PROPERTIES OF COLLOIDAL SOLUTIONS 

The characteristics of colloidal dispersions may be described under various heads. 

Colligative Properties : Osmotic pressures, freezing point depressions and boiling 
point elevations caused by colloidal dispersions are quite small. Dae to high average 
molecular masses of colloidal particles, they give very ic w mole fractions in colloidal 
solutions. Only the osmotic pressures have measurable values. Osmotic pressure 
measurements can be used to determine the average molecular masses of colloidal 
particles. 

Mechanical Properties ; Three important mechanical properties of colloidal 
dispersions are described below. 

Brownian Movement : Colloidal particles in suspension are constantly moving 
about m zig-zag paths (Fig 8.8). This type of erratic ^motion is due to the moving mole¬ 
cules of the dispersion i&edium constantly colliding 'with the colloidal particles. They 
impart momentum to colloidal particles, tins random and continuing motion of col¬ 
loidal particles in a dispersion medium is called 'Brownian movement or motion. It was 
named after the English Botanist, Robert Brdwn, who observed and investigated in 
1827 a strange and interesting motion of small pseoes of pollen grains suspended in 
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water under a microscope. It was also observed that not only pollen gram pieces 
but small particles of coal, dust and mine¬ 
rals showed similar behaviour This move¬ 
ment is a strong evidence in support of 
the kinetic-molecular theory of liquids and 
gases. Brownian movement of very small 
particles is very fust but they cannot be 
seen In case of heavy particles, it is too 
slow to be seen Colloidal particles have 
convenient masses to exhibit Brownian Pig g g yh e illustration for the pattern of 
movement. Brownian movement 

Diffusion . Like solute particles, colloidal particles diffuse from a region of higher 
to a region of lower concentration. Diffusion is closely related to Brownian motion 
The slower motion of colloidal particles results in a much lower rate of diffusion. This 
process can be used to separate colloids of different sizes and also to determine their 
sizes. 

Sedimentation : Colloidal particles find to settle down very slowly under the 
influence of gravity. The rate of sedimentation can be increased to a large extent by 
the use or a high speed centrifuge known as uliracenlrifuge. 

Optical Properties ' When a beam of light is passed through a true solution, the 
path of the beam through the solution is not visible But, if the light, is passed through 
a sol, its path becomes visible, just as a beam of sunlight is seen as it enters a darkened 
room through a partly opened door or a slit in a curtain This phenomenon is known 
as the Tyndall effect after the name of its discoverer. It provides an easy means to 
demonstrate the presence ot colloidal particles ((Fig 8 9.). 




Electrical Properties . Colloidal particles in most dispersions move either towards 
the cathode or the anode when an electric field is applied to the dispersion (Fig. 8.10). 
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This movement of colloidal particles under applied electric Held is called electrophoresis. 
All particles in a given colloidal solution carry the same type of charge. Thus, particles 
in some colloidal solutions are positively changed and in others, negatively charged. 
Colloidal particles can acquire this charge in any one of the ways stated here. However, 
colloidal solutions show an overall electroneutrality. 




Fig. 8 10 Ati cnperimcnl.il sel-up foi electrophoresis, 

The reasons for the electrical charge of colloidal particles are given below- 
(ij Frictional electrification due to a rubbing of particles with molecules of 
gaseous or liquid media. 

( 11 ) Electron capture by pafticles from air and during electrodispersion in Bredig’s 
arc method. 

(ni) Preferential adsorption of ions from solutions An .ionic colloid adsorbs ions 
common to its own lattice structure. Thus AgCl particles can adsorb Cl' ions 
from chloride solutions and Ag+ ions from solutions having silver ions. 1 lie 
sol will be negatively charged in the first case and positively charged the 
second case, 

(iv) Dissociation oj surface molecules . Soaps expel alkali ions to acquire a nega¬ 
tive charge Dye particles can dissociate to put into solution positive or 
negative ions according to composition. 

(v) Dissociation of molecular electrolytes adsorbed on the surface of particles. 
H a S molecules get adsorbed on sulphides during precipitation. By dissociation 
of H s S, hydrogen ions .are lost and the colloidal particles become negatively 
charged, 
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The consequences of electrical charge on colloidal particles are given below. 

(i) Charged colloidal particles. These make colloidal solutions somewhat better 
electrical conductors than the dispersion media in pure state. 

(ii) Electrophoresis: The movement of colloidal particles under an applied 
electric field, or electrophoresis, is due to the charge on the particles. It forms 
the basis of electrodeposition of colloids. Rubber gloves and other intricate 
rubber articles are made by electroplating moulds with rubber from rubber sol. 

Colloids in sewage water are also removed by electroplating method. Colloidal 
ash particles in chimney gases are removed by passing them between high voltage 
plates. This is made .use of in Cottrell smoke precipitators. 

(lii) Coagulation of sols by electrolytes: Small concentrations of appropriate 
electrolytes make sols of ionic precipitates stable. However somewhat larger 
concentrations of electrolytes, in general, cause the colloidal particles to lose their 
charge and to aggregate together to form a precipitate. Precipitation of a colloid 
through induced aggregation of its particles in general is known as coagulation 
It has been experimentally shown that coagulation of a sol by an electrolyte does 
not take place until a certain minimum concentration of the added electrolyte is 
reached in the solution. The minimum concentration of an electrolyte in milli¬ 
moles per litre of mixed solution, required to cause a coagulation of a particular 
sol is called the coagulation or precipitation value of the electrolyte for the sol. 
The coagulation values of some electrolytes for a negatively charged arsemous 
sulphide sol are shown in Table 8.3. 


TABLE 8 3 

Minimum Concentrations of Various Electrolytes Required to Cause 
Coagulation of Arseuious Sulphide Sol 


Electrolyte 

Positive ion 

Concentration (mol/lure) 

KC1 

Ki- 

0 05 

NaCl 

Nan 

0.05 

KjS0 4 

K+ 

0066 

B&Cij 

Ba*+ 

0 00069 

MgClj 

Mgn 

0.00072 

A 1 (N 03) 3 

Ais+' 

0 000095 


Many experiments have been carried out on the coagulation effects of electrolyte 
on different sols. Two main observations are • 

(i) The ions carrying charge opposite to that of colloidal particles are effective 
in causing coagulation of a sol. 

(ii) Coagulation efficiencies of electrolytes increase considerably with increase in 
valence of the ion causing coagulation. 

These observations together are known as Hardy-Schulze rule. Coagulation of sols 
can also be brought about by the application of an electric field or by heating. 

Interactions between Colloids: Certain lyophobic colloids cause mutual coagulation 
on being mixed together. This occurs mainly due to neutralization of electrical charges 
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of opposite kinds Another cnuse can be a neutral destruction of each other's stabiliz¬ 
ing agents. This can happen between similarly charged colloids also. 

Certain lyophilic colloids are known to exert a protecting influence on lyophobic 
colloids against their coagulation by e'ectrolytes. Thus, a silver sol protected by 
hydrolyzed proteins or a gold sol protected by gelatin, gum or starch may not be 
easily coagulated. A term gold number, defined as follows, is used for grading the 
protective powers of colloids 

Gold number of a protective colloid is the minimum number of milligrams of the 
ill V colloid which, it lien piesent tn 10 ml of standard red gold sol , will just prevent the 
change of mlonr to blue on addition of 1 ml of a 10% NaCI solution. 

8.13 EMULSIONS 

Emulsions are liquid-liquid colloidal dispersions. Common examples of emulsions 
are milk and mayonnaise, Both of these consist of small drops of liquid fat dispersed 
in an aqueous medium. The process of making an emulsion is termed emulsification. 
Emulsions can be of two types, the atl-m u nter type and the watet-m oil type. In the 
first type of emulsions, disperse phase consists of small droplets of oil dispersed in 
water Watcr-m oil type of emulsions consist of water droplets dispersed in a conti¬ 
nuous medium of oil The droplets in emulsions can be somewhat larger than the 
usual particles found in sols 

Emulsifying Agents: Emulsions may be produced by vigorously agitating a mixture 
of the liquids, or bctlcr by subjecting the mixture to ultrasonic vibrations. Emulsions 
arc generally unstable unless a third stabilizing substance, known as emulsifying agent 
is also present. In the absence of an emulsifying agent, the dispersed droplets coalesce 
together and eventually the emulsion breaks up into two layers. The most frequently 
employed emulsifying agents are soaps and detergents which coat the droplets and 
obstruct aggregation of droplets. Other stabilizing agents include proteins, gum, 
agar, etc The emulsifying properties of soaps and detergents are of great significance 
in washing of clothes and crockery. They emulsify the greese and carry it away in the 
wash water along with dirt and dust adhering to greese. 

The digestion or fats in the intestines is aided by emulsification. A little of the fat 
forms a sodium soap with the alkaline solution of the intestine, and this soap emulsi¬ 
fies the rest of the fat, thus making it easier for the digestive enzymes to carry out their 
metabolic functions. In pharmaceuticals and cosmetics, various lotions, creams and 
ointments, and a large number of other preparations are emulsions of oil-in-water or 
water-in-oil type. Several oily drugs are prepared in the form of emulsions. 

Emulsions find many industrial applications. For concentrating the ore, the 
finely pulverized ore is treated with an oil emulsion and foams in such a way that 
the particles of the desired mineral are carried to the surface, where they are 
collected. 

Emulsions are sometimes objectionable, e.g. in oil wells which give petroleum emulsi¬ 
fied with water. Emulsions may be broken down (demulsified) to yield constituent liquids 
by physical methods such as freezing, boiling, filtration, electrostatic precipitation or 



SURFACE CHEMISTRY 


123 


by centrifugation, and by chemical methods which destroy the emulsifying agents. 

Cream is separated from milk by the centrifugation method. 

EXERCISES 

g.l Explain the terms ‘colloidal solution' and ‘colloidal state*. How are colloids classified on the 
basis of (a Physical stales of components, (b) Nature of dispersion medium, (c) Attractions 
between disperse phase and dispersion medium. 

8.2 What is the difference between multimolecular and macromolecular colloids ? (Jive at least 
three examples of each of them, What are associated colloids and in what way do they differ 
from the other two types of colloids ? 

8.3 What are the different methods employed for the preparation of colloids ? How are they puri¬ 
fied 7 How may we get colloidal solutions of the following in water : (i) Sulphur, (n) BaS0 4 , 
(ni) Silver ? 

8.4. What arc the basic differences between true molecular solutions and colloidal solutions 7 Des¬ 
cribe the possible origins of electric charge on'collotdal particles. 

8.5 Explain what is observed when 

(a) a beam of light is passed through a colloidal solution of arsemous sulphide. 

(b) sodium chloride is added to a ferric hydroxide solutions 

(c) an electric current is passed through a colloidal solution- 

8.6 Colloidal arsenious sulphide sol is readily precipitated by a small amount of aluminium chloride, 
it is also precipitated by about seven times the amount of barium chloride, and by several hundred 
times as much concentration of sodium chloride, Discuss the significance of these observations 
and state the rule based on them. 

8.7 What do you understand by the term ‘electrophoresis 1 and how would you demonstrate this 
phenomenon ? 

8.8 Explain the following terms 

(i) Tyndall effect 

tii) Brownian movement 

(iii) Sedimentation 

(iv) Coagulation 

8.9 Write essays on : 

0) Adsorption 

(ii) Emulsions 

8.10 Write short notes on : 

(0 Hardy-Schulze rule 

(ii) Peptization 

8.11 Differentiate between physical and chemical adsorptions. 

8.12 What do you mean by an adsorption isotherm and an adsorption isobdr. Explain Freundlkh 
adsorption isotherm for the adsorption of gases on solids. 

8.13 Describe the role of adsorption in catalytic reactions. 

8.14 Write notes on ; 

(0 desorption, (U) deroulsificatioa, (iii) precipitation powers, and (iv) gold numbers. 
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The Oxygen Family (Group VIA Elements) 


We have already studied group I A to V A elements. In the present unit we shall 
study about group VI A elements, 

9.1 THE FAMILY CHARACTERISTICS 

The elements oxygen, sulphur, selenium, tellurium and polonium constitute group 
VIA of the Periodic Table They are elements of the p-block with ns 2 np* valency shell 
electronic configurations Oxygen is the most abundant element on earth It 
constitutes 46 6 % of the earth's crust It is an important constituent of out atmosphere, 
About 21 % by volume of the atmosphere is oxygen. Sulphur occurs only to the extent 
of 0 052% in the earth’s crust It is found as insoluble sulphides in primary rocks and 
as soluble sulphates in secondary rocks, It also occurs in free state, chiefly in volcanic 
areas The other elements of this group are comparatively rare. 

As with elements of Groups IVA and VA, the non-metallic characteristics in this 
group also diminish gradually as we move down the group The first three elements 
are non-metals They are referred to as clialcogens (ore forming elements), because 
many common ores of metals are either oxides or sulphides. Tellurium is more non- 
metallic and polonium more metallic m character Polonium is a short lived radio¬ 
active element 

You already know that as we go down a group the ionic radii increase. Further, 
the VIA group being at the right end side of the Periodic Table, the elements of the 
group arc chaiacterized by high ionization energies which decrease as we go down the 
group The density of the elements increase from sulphur to polonium. The 
elements are also characterized by relatively high electronegativity values which decrease 
down the group along with a decrease in non-metallic character. The electronic 
configurations and general trends in properties of the elements are summarized in 
Table 9 1 

All the elements have ns 2 np i outer electonic configurations of atoms. They try to 
attain the noble gas configuration by gaming or sharing electrons. Oxygen with its 
high electronegativity value tends to complete its octet by gaining two electrons. Thus, 
most metal oxides are ionic and contain 0 8 ~ ions. Oxygen exhibits the -2 oxidation 
state. The electronegativities of the other elements are much less. Hence, there is a 
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TABLE 9 1 


Properties of Elements of Oxygen Family 


Element Abun- Ato- Electronic configura- Ionic b p m p Den- Elec- lorn- Oxidn- 

radi- (K) (K) sity iro-’ zation tion 


dance- mic tion 
in num- 
earth’s ber 
crust 
(Ppm) 


us, 

O 

(A) 


in the nega- ener- state 
solid livity gy (IcJ 
stale mol-i) 


0 

466,00C 

8 

[He] 2r22p4 

I 40 

90 

55 

1 14 

3 50 

1314 

_ 2 

s 

520 

16 

[Ne] 3 j 23 p 4 

1 85 
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Po 

— 

84 
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— 
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94 

1.75 

— 
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*m stands for monoclinic 
**g stands for grey 


very low probability for them to form dinegative ions. The tendency for the 
— 2 oxidation state diminishes from sulphur downwards This is reflected in the 
instability of the hydrides. The hydride of polonium, H 2 Po, is very unstable. 

Foi oxygen the —2 oxidation state alone is predominant (exceptions H 2 0 2 andO F t 
The other elements show additional oxidation states of -\-2, -j-4 and -)-6. This is due 
to the presence of vacant d orbitals in these elements. 
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The oxygen molecule is diatomic. Under normal condition; oxygen exists as a 
gas. The molecules of other elements have larger atomicities and they exist as 
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solids. Thus, sulphur has 8 atoms per molecule which are arranged in the form of a 
puckered ring. 


S* molecule 

Oxygen to a limited extent and sulphur to a larger extent exhibit the property of 
catenation. Thus, compounds of the type H-O-O-H, H —S-S-H, and 
H — S-S — S — H, are known. 

All the elements of the group exhibit allotropy. Thus, oxygen exists as O, and O, 
(ozone). Sulphur has a number of allotropcs like rhombic (a), monoclinic (p), and 
plastic (y) sulphur. Selenium, tellurium and polonium also show allotropy. 

9.2 ANOMALOUS BEHAVIOUR OF OXYGEN 

The first members of the groups show anomalous behaviour and so does oxygen. 
Thus, while oxygen is a gas the other elements of the group are all solids. Oxygen 
molecule is diatomic, but the .molecules of the other elements are polyatomic. Oxygen 
shows an oxidation state of-2 while the other elements show additional oxidation 
states also 

9.3 COMPOUNDS 

Hydrides ■ All elements of this group form volatile hydrides of the type H t R. The 
stability of the hydrides diminishes from oxygen to polonium. While water is an odour¬ 
less liquid, the other hydrides are offensive smelling gases at ordinary temperatures. 
1 he liquid character of water and its other anomalous properties are due to hydrogen 
bonding in it 

All hydrides, except water, are reducing agents and are weakly acidic. The first 
two members of the group also give hydrides of the type H,R, (H,0, and HjSi). While 
H,Oj is somewhat stable, HjSj is very unstable. 

Halides The elements of this group form a variety of halides. A few typical halides 
are indicated in Table 9.2. 


TABLE 9.2 

Halides of Elements of Oxygen Family 


Element 

Fluorides 

Chlorides 

Bromides 

Iodides 

0 

OF, 

0,0, CIO, 

ci,o, 

Br,0 

1,0* 

S 

S l F,.SF 4 .SF, 

StCli.sCl, 

S,Br, 

— 

Se 

SejFj.SeFj.SeF, 

Se*Ci,,SeCl 4 

SeBr,.SeBr 4 

— 

Te 

TeF 4 .TeF, 

TeCI„TeCI 4 

TeBr,.TeBr 4 

Tel 4 

Po 


PoCl,.PoCl 4 

PoBr t PoBr 4 

Pol 4 
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The maximum valency of 6 is shown in the hexafluorides. These are formed by 
sfPd 1 hybridization and have octahedral structures. 

Oxides: All .elements of this group give dioxides. The dioxides are obtained by 
burning the elements in air. 

The best known trioxidc is SO a . It is obtained by the catalytic oxidation of $(%. 

9.4 STRUCTURE OF OXYGEN MOLECULE 
Representation of oxygen molecule as: 

:6 :: 6 : 

fails to account for the paramagnetism ot oxygen (cf. page 52, Part 1). So, a structure 
in which the two oxygen atoms are joined by a covalent bond and by two 3-electron 
bonds is suggested. 

[The paramagnetic charactei of oxygen can oe explained in a better way by 
studying molecular orbital structure of oxygen mojecute (see p. 25 Unit 4)] 

9.5 OZONE 

Ozone (O a ) is an endothermic compound le when ozone is termed heat is 
absorbed. It can be obtained by the action of ultiaviolet rays on oxygen. So, 
some ozone is usually formed at heights of about 20 k lometers above the surface of 
the earth. The ozone layer protects the earth’s surface from an excessive penetration 
of the harmful ultraviolet rays. Ozone is, however, too reactive to be found in air 
at ground level. Being another form of oxygen it may be regarded as the allotropc 
of the former. 

Preparation. If a slow stream of div oxygen is subjected to a silent electric discharge 
in an ozomzer (Fig 9.1), 10% conversion of the oxygen into ozone can take place 
30j(g) ^ 20 3 (g); AH* 13 + 142 kJ/mol of ozone formed 
Since_ ozone is an endothermic compound, it is necessary to use a silent electric 
discharge, otherwise sparking would generate heat and decompose it. 

0 3 C Ozonize* 

T oxygen} 




Induction coil 



Fig. 9.1 heparaiion of ozone. 
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Properties' Ozone is a pale blue gas. It has a characteristic smell. Being an 
endothermic compound it is unstable and reactive. 

Ozone is a more powerful oxidizing agent than molecular oxygen. It oxidizes lead 
sulphide to lead sulphate, iodide ions to iodine, and ferrous ions (Fe 2+ ) to ferric ions 
(Fe a +). 

PbS + 40 3 -»PbS0 4 + 40a 

21- + H 2 0 + O a -ri 2 + 20H- + 0 2 

2Fe 2+ + 2H+ + 0 3 ->2Fe 3 + + H 2 0 -f 0 2 

Ozone is a mild bleaching agent and a strong sterilizing agent for water and air 
Ozone attacks organic compounds having carbon-carbon double bonds to give 
ozonides These, on hydrolysis, give aldehydes and ketones. The reaction known 
as ozonolysis is useful in fixing the position of the double bonds in organic molecules. 


CH 3 CH } CH=CH 2 +0 3 -»CH CH CH CH 

X°\ o 7 

CH CH ; CH ■ , CH 2 +H 2 0-.CH 3 CH 2 CHO + HCHO+H O 

W 2 2 

piopanal methanal 


In the presence of ozone, mercury is oxidized to a suboxide It starts sticking to 
glass and loses mobility This is termed as the tailing of mercury and is used as a test 
for ozone. 

Stiucture ■ Ozone is considered as a resonance hybiid between the two structures 
shown below 


:0 o - -o' >o 


Uses . Ozone is used (i) for sterilization of water, (li) in the purification of air 
in crowded theatres and in underground railways, (iii) as a mild bleaching agent, and 
(iv) for ozonolysis of organic compounds, 

9.6 SULPHURIC ACID 

Sulphuric acid is the most common oxy-acid of sulphur It is a very important 
industrial chemical. Its manufacture is based on the catalytic oxidation of sulphur 
dioxide The combination between oxygen and sulphui dioxide is slow, reversible, 
and is an exothermic process 

2S0 2 + 0 2 ^ 2S0 3 ; A#= -98kJ/mol of S0 3 
To obtain a fairly high yield of S0 3 , low temperature, high pressure, and excess of 
oxygen are necessary (Le Chateher’s principle). The optimum conditions used in the 
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manufacture of sulphuric acid by the contact process are ■ (i) use of a catalyst, vanadium 
pentoxide, (u) an optimum working temperature of 723K. and (iii) an excess of air 

The Contact Process The flow diagram for the manufacture of sulphuric ;(cid 
by the contact process is shown in Fig. 9 2 

The burner gases from the sulphur or pyritc burners always contain impurities like 
As 2 0 3 , sulphur or pyrites dust, and sulphuric acid fog These impurities, il not removed, 
result in the poisoning of the catalyst. 

For their removal, these gases are first passed through a dusting tnwci where heavy 
dust particles are made to settle down mechanically or with the help ol a Cothvllelec¬ 
trical precipitator. The gases are then led through cooling pipes where they are washed 
by a down-coming spray of water. They are then dried up by a spray of concentrated 
H 2 S0 4 coming down in a drying tower containing coke. The dried gases arc then 
freed from arsenic impurities by passing them through an arsenic purifier, which con¬ 
tains gelatinous ferric hydroxide resting on shelves. The presence of Gust and As 2 0., 
particles in the gas is seen by passing it through a testing hoc known as Tyndall box. 
The use of Tyndall effect is made in this treatment. If particles are seen in the 
Tyndal box, the gas is sent back to precipitator. 

The contact chamber employed in Badische process consists oT an iron converter 
provided with iron pipes packed with vanadium pentoxide, V.^O^ The vanadium 
contact mass is porous and is in the form of small pellets The gases arc passed through 
a preheater where they are first heated to about 723KL and then passed into the converter, 
As they pass through the iron pipes containing V 2 0 5 catalyst plus a compound of 
potassium (promotor), S0 2 is oxidized to SO,. As the reaction is exothermic, the heat 
produced" increases the temperature of the catalyst to about 723K Hence, alter the 
work starts, the gases are not heated in the preheater but are passed directly into the 
contact chamber 

Platinized magnesium sulphate is also used as a catalyst in the converter, in the 
Grillo process. 

Sulphur trioxide is passed into the absorption lower where it is absorbed by 98 % 
sulphuric .acid 

Thus, SO a dissolves in the sulphuric acid forming fuming sulphuric acid or oleum. 
Oleum is an oily liquid which emits'white fumes in moisf air. It is used as an oxidizing 
agent and as a suiphonating agent irk industries concerned with organic chemicals. 
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Fig 9 2 Contact process for the manufacture of sulphuric acid. 
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Properties • Sulphuric acid is a covalent substance Its molecule has a tetrahedral 
structure Sulphur is hexavalent in this compound. 



Its high boiling point and high viscosity are due to the presence of hydrogen bond¬ 
ing which binds a number of simple molecules into clusters. 

Concentrated sulphuric acid has a great affinity for water. Substances will not only 
give up their water of crystallization in contact with it but also lose the elements of 
water when a hydrogen atom and a hydroxyl group are Situated near to one another. 


C e H l ,0„ C ° nC HlSO< ->6C-f 6H 2 0 
glucose 


HCOOH —— 1 -I-CO 
lormic acid 

The dehydration of organic compounds is industrially important 
ether is manufactured by dehydrating ethanol. 


Thus, diethyl 


2C 2 H,,OH 


cone HnSQ, 


tCjHj-O 


-c 4 h 0 +h 2 o 


DDT is manufactured by dehydrating a mixture of chlorobenzene and trichlorace- 
taldehyde (chloral) 


CCI, 

-C'fiHr.C'l-t CCLCHO conc ' H » S °^>(. | -C i ll«-C--C i H 4 CI + H i O 
chloro- chloral | 

benzene H 

DDT 

Hot concentrated sulphuric acid is an oxidizing agent as it can provide oxygen: 
H.S0 4 -sHjO ; SO, f [O] li oxidizes carbon to CO z , phosphorus to P 2 0,- )( which 
forms HjPO, with water, and several metals to their oxides which may then form 
sulphates if basic in nature. It is used in the preparation of acids which are more 
volatile than itself, but arc not oxidized by it or decomposed by mild heating. 


KN0 3 -I H,SO, — HNO, + KHS0 4 
NaCI -j- H 2 S0 4 -> HCI -)■ NaHS0 4 

Uses It is mostly used as a cheaper and not too volatile an acid and a dehydrating 
agent Common uses arc in : (i) the manufacture of fertilizers, dyes, drugs, explosives, 
paints, synthetic fibres and detergents; (ii) the manufacture of acids like HCI and HN0 3 
(in) metallurgy for dissolving minerals and for ‘pickling’of metal surfaces (for removal 
of basic oxides) before further treatment, and (iv) the refining of petroleum 
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9.7 SODIUM SULPHITE 

Sodium sulphite (Na,SO a ) is the salt of sulphurous acid, H t SO a . It is used as a 
source of SO t which is a mild bleaching agent for sugar, wool and silk, a strong disin¬ 
fectant for air, an antichlor, and a preservative for food-stufls. Sodium sulphite is 
also used in the preparation of some photographic developers and as an antiseptic. 
It is added to boiler feed water to .prevent scale formation and corrosion. 

Preparation • It is manufactured by passing sulphur dioxide into a solution of 
sodium carbonate until the product has an acid reaction. The solution consisting of 
sodium bisulphite is boiled with more sodium carbonate until no more carbon dioxide 
escapes. The solution on crystallization gives crystals of Na 3 S0 3 7H*0 

Na 2 C0 3 + 2S0 2 + 2HjO -* 2NaHSO a + H.O + C0 2 
2 NaHSOj + Na s CO, -> 2 Na,S0 3 + H 2 0 + CO, 

9.8 SODIUM METABISULPHITE 

This product (Na 2 S 2 O s ) is used as a reducing agent in the tanning industry, as a 
bleaching agent, and as an antichlor in the textile industry It is also used in the manu¬ 
facture of hydrosulphite solutions. 

It is obtained by dehydration of sodium bisulphite by careful heating at u controlled 
temperature. 

2 NaHS0 3 -> Na,S 2 0 6 + H,0 

EXERCISES 

9.1 Why is oxygen a gas while sulphur is a solid ? 

9 2 The tendency to show the - 2 oxidation state diminishes from sulphur to polonium. Why ? 

9 1 While oxygen shows only divalency, the other members of the group show valencies of 4 and 
6 also Explain. 

9 4 Among the hydrides of oxygen family elements, water shows anomalous properties. Why 7 
9 5 What is the geometry of the SF s molecule 7 
9 6 What is the structure at present assigned to the oxygen molecule 1 

9.7 How would you convert pxygen into ozonized oxygen 7 

9.8 What is ozonolysis 7 

9.9 What are the most favourable conditions for the conversion of SOj into SO a 7 

9.10 How do you account for the high boiling point and viscosity of sulphuric acid 7 

9.11 Give some examples of the industrial applications of the dehydrating property of sulphuric 
acid. 

9.12 State the uses of sulphutic acid. 

9.13 Write the electron dot formula of sulphuric acid. 

9.14 How is sodium sulphite obtained 7 What are its U9es 7 

9.15 How is sodium mctabisulphite obtained from sodium bisulphite 7 What are the n«w of the 
compound 7 
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The Halogen Family (Group VIIA Elements) 


The name halogens is derived from Greek hahs which means the sea salt producers. 
The common salt is sodium chloride and other halides are very much like it. In the 
Periodic Table, these elements have positions immediately before the helium group 
elements. They are also given the group number VHA. The elements of this 
group, viz. fluorine, chlorine, bromine and iodine, occur in many places, Being 
soluble in water, with the passing of time all types of halides have been washed down 
to Seas and lakes. The last element of this group, astatine, is quite rare. 

10.1 FAMILY CHARACTERISTICS 

The halogens are p-block elements having an outer electronic configuration of 
ns a np s . Atoms of these elements are one electron short of the number of electrons in 
atoms of noble gases which follow them in the Periodic Table. The chemistry of these 
elements is dominated by their tendency to complete the octet. This they can do 
either by taking up an electron from metals to form ionic compounds or by sharing 
an electron with other non-metals to form covalent compounds. They all form 
diatomic molecules. The halogens are the most reactive elements. They are all 
coloured. Fluorine is pale yellow, chlorine is yellowish green, bromine is reddish 
brown or orange and iodine is violet-black. This is because they absorb light in the 
visible range forming excited states. The intermolecular forces are very weak in halo¬ 
gens. They become stronger as we reach iodine. Thus, fluorine and chlorine are gases, 
bromine is a volatile liquid and iodin'e is a volatile solid. 

Occurrence : The halogens being highly reactive do not occur in free state. They 
occur in nature only as compounds. The order of their relative abundance in the 
earth’s crust is shown in Table 10.1. Fluorine ocurs mostly as the insoluble fluorspar 
(CaFj), cryolite (AlF a ,3NaF) and fluoroapatite [3Ca 3 (P0 4 ),.CaF,]. Chlorine is 
present in sea water as alkali and alkaline earth chlorides. It is also present in brine 
wells and as rock salt deposits. Bromine too occurs in sea water as bromides. Con¬ 
centration of iodides in sea water is extremely small. However, some seaweeds can 
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take it up from the sea water and we may get as much as about 0.5 % of iodine in these 
weeds. Chile saltpeter has about 0.2% iodine as sodium iodate, NalO s 

General Trends in the Group : The electronic configurations of the halogens and 
the general trends in properties are summarized in Table 10 1. 

TABLE 10.1 

Properties of Etaseatx of Halogen Family 


Element Atomic Electronic 

Abun¬ 

Ato¬ 

Ionic 

Elec¬ 

Elec- m p 

b p 

Ioni¬ 

Oxida¬ 

number configuration 

dance 

mic 

radi¬ 

tron 
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(K) 
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in 

radius 
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gativi- 


ener¬ 

state 


earth’s 

(A) 

X~ion mty 

ty 


gy ttJ / 



crust 


(A) 

(kJ/ 



mol) 



(ppm) 



mol) 






F 

9 

[He] Zr*2p5 

800 

0 72 

136 

333 

40 

53 

85 

1681 - 1 

Cl 

17 

[Ne] 3r*3p s 
* 

480 

099 

I 81 

348 

30 

172 

238 

1255 - 

+ 3.+5, 
+7 

Br 

35 

[Ar) Wi«4r*4pi 

2 

1.14 

1.95 

340 

2.8 

266 

332 

1142’ -1,3-1, 

+3,+5, 

+7 

I 

53 

[Kr) 4di»5rS5p5 

03 

1 33 

2.16 

297 

2.5 

386 

456 

1007 - 1.+ 1, 


+ 3,+5, 
+ 7 


t Halogens show the expected periodicity in properties. The atomic and ionic radii 
increase steadily from fluorine to iodine Being the elements at the right extreme of 
the Periodic Table, the halogens are characterized by high values of ionization energies, 
electron affinities and electronegativities. Because of their high ionization energies, 
the halogens show little tendency to lose electrons Only iodine and, lo a lesser extent, 
bromine form uni-positive ions. The halogens show typical non-metallic character. 
As expected, the non-metallic character diminishes down the group. Thus, iodine shows 
some metallic lustre. It can exist as cations in fused IC1 

All the halogens show an oxidation state of-1. Fluorine being an element of the 
second period (n - 2). its atoms do not have d orbitals in the second energy shell. Hence, 
it does not show higher oxidation states or variable valency. The other halogens 
have vacant d orbitals available and on that account exhibit variable valency and 
higher oxidation states. 
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On account of their high electron affinities, halogens easily pick up electrons from 
other substances. They act as strong oxidizing agents. 

All the halogens react directly with metals and to varying extents with non-metals 
to form halides. The reactivity of the halogens decreases down the group. 

Oxidizing Action : All the halogens are strong oxidizing agents. Their actions on 
water and alkalies are described below: 

Action on Water .'Fluorine oxidizes water to oxygen and ozone.Oxygcn difluoride, 
OF», and hydrogen peroxide may also be formed.)i 
2H,0 + 2F, 4HF + O, 

3H,0 -f 3F, -> 6HF -f O, 

Because of the formation of HF, which is itself a liquid and can absorb moisture 
to form liquid droplets, fluorine gives fumes on mixing with moist air. 

Chlorine and bromine react less vigorously. 

X, + H,0 HX + HOX; (X - Cl or Br) 

In sunlight, HOX loses oxygen and, hence, chlorine and bromine water evolve 
oxygen under sunlight. 

2HOX 2HX + O, 

Iodine has very little reaction with water. It is, however, slightly soluble and forms 
a yellow solution. It is much more soluble in solutions containing KI due to formation 


of I 3 ions. 

*i 4 I~ y* l s 

Since all the dissolved iodine is available for chemical reactions, standard solutions 
of iodine are made in 10% KI solution. 
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At low temperatures, Cl,, Br, and I, form crystals of hydrates, 

Cl,. 7.3 H,0, Br,. 10H,O and I,.xH,0. 

Action on Alkalies ; Fluorine reacts with a 2% alkali solution to form mainly OF, 
2F, + 20H- -> OF, + H,0 + 2F - 

Hot concentrated alkalies yield mainly fluoride and O, Other halogens react with 
cold dilute alkalies to give the hypohahte ions (OX - ). These tend to decompose on 
rise in temperature and in concentrated solutions: 

X, + OH- — OX - + X- + H+ 

30X- ->X0 3 -+2X- 

Estimation of Halogens , Iodine is estimated by titration with a solution ol sodium 
thiosulphate. Freshly prepared starch solution is used as an indicator. It gives a 
deep blue colour with traces of iodine 
2S,O s “- + I,-»- S 4 0.*~ + 21- 

Colourless sodium tetrathionate and Nal are formed in the titration. Small 
amounts of chlorine and bromine in a solution can be accurately estimated by conver¬ 
sion to iodine by adding potassium iodide. The liberated iodine is titrated against 
Na,S,0,. 

10.2 HYDRIDES 

Hydrides are of the type HX. While the icaction of hydrogen with fluorine is vio¬ 
lent, the reaction with iodine"is very slow at room temperature This is in conformity 
with the decreasing reactivity of halogens with increasing atomic numbers 

HF and HC1 are thermally stable and'not easily oxidized They can he prepaied 
by heating fluorides and chlorides with concentrated sulphuric acid 

CaF, +H,S0 4 ->■ CaS0 4 f2HF 

NaCl H,S0 4 — _> NaHS0 4 + HC1 

NaHS0 4 + NaCl——Na,S0 4 4- HCI 

HBr and HI are strong dhough to reduce hot cone. H,S0 4 . Hence, they cannot be 
prepared by this method. Though HBr can stand some heating, HI dissociates on 
heating. To avoid such dissociation they are prepared by hydrolysis of the corres¬ 
ponding phosphorus halides with cold water. 

PX B + 3H,0 -> H,PO, + 3HX; (X-Br or I) 

While HCI, HBr and HI, are gases, HF is a low boiling liquid (b.p. 292K). 
anomalous physical properly of HF is due to hydrogen bonding Sec. 10.5”. 
Hydrogen halides are covalent substances. But their aqueous solutions conduct 
electricity due to generation of H 3 0 " ions by interaction with water. 

HX -f H,0 -> H,Q+ + X- 
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10.3 POSITIVE OXIDATION STATES OF HALOGENS 

It is a well established fact that within a group, the metallic character increases with 
increase in atomic number But in this group of highly electronegative elements 
development of metallic character is very slow Thus, even though iodine and, to a 
lesser extent, bromine show some basic properties, they act mainly as non-metals On 
electrolysis of fused Id, part of iodine is liberated at the cathode Ionization can be 
tepresented as 

2ICI ^ l •- + ICV 

In 1CI 3 , iodine 1 $ in the tripositive state 

Compounds containing unipositive biomine are also known 
Oxides and Oxyacids of Halogens : The oxides of halogens are endothermic com¬ 
pounds (except F,0) ar| d as such are unstable and liable to explode. The higher oxides 
and oxides of iodine are relatively more stable Because of thermodynamic and kine¬ 
tic factors,oxides of bromine are the least stable. Table 10 2 lists the oxides and oxy- 
acids of halogens Some of the unstable oxides have not been included in this Table 
In these oxyacids the proton responsible for acid character is present as a hydroxyl 
gioup directly attached to the halogen This is true of most oxyacids (compare H.S0 4 , 
UNO,. H, ( PO„ etc.). 

TABLE 10 2 

Oxides and Oxyacids of Halogens 


Oxidation state 

Fluormct 

Chlonne 

Bromine 

Iodine 

+ ' 

OFj (g) 

CljOfg) HOC1+ 

Br 2 0(g) HOBr* 

— 

HOI 

-H 


— HOCIO* 




+4 


C10 2 (g) - 


I 2 0 4 (s) 


1-5 


— HOClOj* 

HOBrOj 

I a O B (s) 

hoio 2 

-6' 


CI,O g (1) 




+ 7 


Cl 2 0 7 (1) HOClOj 

HOBrOa 

l 2 0 7 (s) 

H0I0 3 


♦Si.ible in solution stale only tOxidation slate do not apply for fluonne, 


The names ol oxyacids of chlorine and their salts ire as follows. 


HOC1 

HOCIO'I 
01 HCIO,; J 

HOCKV) 
01 HCIO, J 

KOCIO 3 ') 
or HCIO, J 


Hypochlorous acid NaOCl 

Chlorous acid 

or NaCI0 2 j 

Chloric add NaOClO^ 

or NaC10 3 J 

Perchloric acid M^ir!^ 3 ') 

or NaC10 t J 


Sodium hypochlorite 
Sodium chlorite 

Sodium chlorate 

Sodium perchlorate 


Names m case of other halogens are similar. A more detailed study of these com¬ 
pounds is not possible at this stage. 

Lsa of Halogens • Chlorine is the cheapest halogen to prepare and is the most 
useful amongst them It is used for sterilizing drinking water and for bleaching doth 
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and paper pulp It is also used in making insecticides like DDT, germicides, dyes, 
drugs, plastics like PVC, and some chlorine substituted hydrocarbon solvents, 

Fluorine is the strongest oxidizing agent and has been used as such in rockets. 
Inertness and stability of fluorocarbons has led to use of these as refrigerant gases 
(Freon-12, CF 2 Cy and in making heat resisting plastics like Teflon (C a F 4 ) n . 

A major use of bromine is in making ethylene dibromide which is added to petrol 
for '■liminating lead as volatile bromide Lead tetraethyl is used as an antiknock 
agent. If the resulting lead were not removed from the engine along with the exhaust 
gases, it would damage the engine Large amounts of silver bromide are used in 
photography Some drugs also have bromine compounds 

Iodine is used as an antiseptic in the form of an alcoholic solution, tincture iodine. 
It also goes into making some medicines, dyes and Agl used for photographic film and 
cloud seeding Iodized salt containing Nal is supplied in iodine deficient areas as a 
protection against spread of goiter. 

10.4 FLUORINE 

It occurs mainly as the fluorides, fluorspar (CaF 2 ), and cryolite (A1F 3 3NaF). 
Because of its high reactivity and its great affinity for hydrogen, the methods used 
for the preparation of other halogens cannot be used in the case of fluorine. 

Fluorine is prepared by electrolysis of an electrolyte containing no othei anion 
than fluoride. The potential required for the discharge of fluoride ions being the 
highest, other anions will be discharged at the anode in preference to the fluoride ion. 
Further, the electrolyte must be free from even traces of watei which react rapidly with 
free fluorine. From water oxygen is formed before fluorine can be formed from the 
flouride ions A solution of KF in HF in the ratio of 1 mole to 2.5 moles is liquid at 
363K and is quite convenient to use. This electrolyte gives fluorine at the anode and 
hydrogen at the cathode. It is essential that the two gases should not mix. For this 
requirement electrolysis is carried out in a V-shaped vessel of copper, nickel or steel 
(Fig 10.1). These metals are covered with protective layers of insoluble fluorides. 



Fig. 10.1 Flourine by electrolysis of KHFj. 
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TtNon stopper 


Anode is of graphite mixed with copper to increase its inertness. Cathode is usually 

of steel. As HF decreases in the electrolyte, 
more or it is added to prevent increase in 
resistance of the cell 

Commercially fluorine is obtained by 
electrolyzing a 90“ u solution of KHF, in 
anhydrous HF The electrolysis- is carried 
out in a steel tank using a copper mixed 
graphite anode and copper or steel cathode. 
A steel wire gauze is used as a gas barrier 
(Fig. 10 2). The anode,, cathode and the 
barrier are insulated from one another with 
polytetrafluoro-ethylene (C 2 F 4 ) n The fluonne 
obtained is compressed and stored in steel 
cylinders. 

Propei lies , Fluorine is a pale greenish yellow gas It has a pungent odour which 

is more due to HF formed on the odour-sensitive surface inside the nose 

Fluonne is the most reactive of all elements. It directly combines with all elements 

(except N, and O.) including the higher noble gases, Kr and Xe 

u i c -me Explosive reaction (Even in total darkness and at low 

H J L F s -x 2HF ternperatures) 



-Heating Coll for 
{ high temperature 

- Fused KHF* 


Fig, 10 2 Commercial preparation of fluorine, 


S + 3F, SF e 

Fluorine displaces all the other halogens from their ionic halides 
2NaX +' F. -+ 2NaF + X,; (X-Cl, Br or 1) 

Fluorine is a powerful oxidizing agent It oxidizes water to ozonized oxygen. 
Fluorine vigorously attacks hydrocarbons 


CH, + 2F,^C .i- 4HF. 

However, by diluting fluoiine with nitrogen, and in presence of copper fluoride as 
catalyst, a variety of products like CHF 3 , CH 3 F„ CH 3 F, CF 4 , C S F„ and C 3 F„ can be 
obtained from the hydrocarbons. Mixed chloro-fluoro compounds have also been 
prepared by suitable methods. The hydrocarbons in which hydrogen atoms are re¬ 
placed by fluorine atoms, are called fluorocarbons. The fluorocarbons are industrially 
important because of their extreme inertness. They are used as refrigerants, solvents, 
material for plastic preparation, lubricant, etc. 

Reactivity The extraordinary reactivity of fluorine is due to the following reasons • 

(0 The dissociation energy of the F—F bond is the least. 


Fluorine Chlorine Bromine Iodine 

Bond dissociation 

energies (kJ/mol) 158 242 193 151 

As a consequence, reactions with fluorine involve very small activation energies and 
can proceed at ordinary temperatures. 
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(it) Fluorine atoms have the smallest size. This makes covalent bonds of fluorine 
atoms with other atoms relatively stronger and more exothermic. Fluorine can bung 
into operation the higher oxidation states of other elements 

(iii) Fluorine has the highest electronegativity and therefore the tendency for 
forming ionic compounds is also highest m it. It can oxidize most of the other 
elements, even some of the inert gases. It can substitute for other elements in 
compounds. 

(iv) Stability and relative inertness of fluorocarbons and covalent fluorides like 
SiF e , is due to non-availability of <I-orbitals in the valency shell or fluorine atoms. 

10.5 HYDROGEN FLUORIDE 

It can be prepared by heating calcium fluoride with concentrated sulphuric aciJ 
CaF, + HjS 0 4 CaSO, + 2HF 

It is a colourless low boiling (b p. --293K) liquid. At room temperature it exists 
as molecular aggregates due to hydiogen bonding. The H-F bond is very strong. So 
a solution of HF in water behaves as a weak acid It attacks many metals forming 
fluorides. 



Hydrogen non ding in HF 

Moist HF and its aqueous solution attack glass. 

SiO, -i- 4HF SiF 4 -F 2H a O 

SiF„ {- 2HF • H 2 SiF„ (soluble in water) 

Foi this reason hydrofluoric acid solutions are kept in wax .-coated glass bottles or 
plastic containers 

Unlike the other hydrogen halides, HF gives acidic salts like ICHF,. 

10.6 INTERHALOGEN COMPOUNDS 

The halogens combine among themselves to give mtcrhalogen compounds of .the 
type AX, AX r AX 5 and AX,. They can be prepared bv the direct combination of 
the corresponding halogens under suitable conditions 

Interhalogen compounds arc more reattive than the elemental halogens (except in 
case of fluorine), because in halogens the heteroatomic bonds are weaker than the 
homoatomic bonds. 

10.7 POLYHALIDES 

Halide ions associate with molecules of halogens or interhalogen compounds to 
form polyhalide ions 
1“ I, s*l 3 - 
Cl- 4- I Cl ,-JCl,- 
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Fluorine does not form polyhalides because ol the absence of r/-orbitals in the valency 
shell of its atom. 

10.8 BLEACHING POWDER 

Bleaching powder (CaOCl 2 ) is obtained by passing dry chlorine over dry slaked 
lime at a temperature of 303-31 IK 

Ca(OH), -f Cl, — CaCl (OC1) + H 2 0 
Whvii treated with dilute acids it liberates the whole of its chlorine. 

CaCl (OC1) + 2H+ -* Ca 2H + H 2 0 + Cl 2 
Even CO, 2 expels chlorine from bleaching powder suspended in water. 

CaCl (OCI) + (H 2 0 + C0 2 ) -s- CaC0 3 -f H a O + Cl 2 
Chlonne obtained from a sample of bleaching powder on treating it with a dilute acid 
is called available chlonne for the sample. 

Bleaching powder is an important ready source of chlonne It is used as a disin¬ 
fectant, an oxidizing agent, and strong bleaching agent for cotton and jute. 

10.9 SODIUM HYPOCHLORITE, NaOCI 

This important bleaching agent for cotton cloth is obtained by the electrolytic 
oxidation of a stream of brine. The electrolysis is carried out in the cold and when 
the anode and the cathode are so close together that the products formed at the 
electrodes can peact. 

Brine contains water, Na+ ions and Cl - ions Electrode reactions can be written as 
At cathode 2H 2 0 -f 2e- -* H 2 + 20H~ 

At anode 2C1~ -r Cl 2 -f 2e~ 

20H- + Cl 2 Cl- + OCI- + H 2 0 

Fhe solution coming out from the electrolytic cell contains Na+, Cl - and OCI - ions 
f rom this NaOCI is separated by fractional crystallization. 

10.10 ASTATINE 

Tins halogen element was obtained artificially by bombarding bismuth with a-par- 
tieles. Because of very small availability of the element, a detailed study of its proper¬ 
ties has not been carried out. It is radioactive, and resembles iodine in its properties. 

EXERCISES 

10 1 Which of the halogens (excluding astatine) provide example of : (i) the weakest acid, HX, (u) 
the largest atom, (iu) the smallest ionization energy, (iv) the strongest reductant, and (v) the 
best hydrogen bond former ? 

10 2 How does HF differ from the other hydrogen halides ? Write chemical equations to show how 
.bromide and iodide ions present in dilute solution may be estimated ? 

10 3 Why is fluorine more reactive than the other halogens ? 

10 4 Arrange the halogen hydrides in an increasing order of: (i) dipole moments, (n) bond lengths, 
(m) per cent ionic character, (iv) reducing power, and (v) thermal stability. 
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10 5 Why do we employ special methods for preparing HBr and HI 1 

10 6 How do you explain the higher oxidation states shown by Cl, Br and l 1 

10 7 How is it that HF is the least volatile and HCI the rnosl volatile amongst hydrogen halides " 

10 8 Why do the halogens exhibit colours ? 

10,9 Write an account of the positive oxidation states shown by the halogens 
10 10 Why was the isolation of fluorine difficult 1 
10 11 Why are the halogens strong oxidants 1 

10 12 How is it that hydrogen halides in solution act as acids 1 Why is it that Hf is a weak acid 

while the other hydrohalo acids are strong 1 
10 13 What are fluorocarbons 1 What are their uses 1 

10 14 What are the chemical changes involved in etching of glass with hydrofluoric acid '> 

10.15 How is bleaching powder prepared ? What are its uses > 

10 16 Arrange the hydrogen halides in an order of increasing reducing power and theimal slabilily 
10 17 The brown colour of an acidified dilute solution of iodine in aqueous potassium iodide is in¬ 
tensified by the addition of a nitrite but is discharged by the addition of a sulphite, comment 
(Hint Nitrites oxidize iodide ions to iodine; sulphites get osidized to sulphates by iodine) 
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Nuclear Chemistry 


The change of nucleus of an atom of an element to form the nucleus of an atom 
uf some other element can be regarded as a change of one substance into another 
As such, a nuclear change is of interest to chemists The branch of chemistry dealing 
with nuclear changes is called micleai cliemislt y, Interest in nuclear chemistry has 
very much increased as nuclear changes provide a method for obtaining the much 
needed energy to make our lives comfortable There are several peaceful uses of nuclear 
changes in medicine, agriculture, archaeology and in many other fields A common 
factor in nuclear changes is the emission of certain rays from some substances. These 
rays were regarded in earlier observations as radiations, and the emission of these 
radiations was called radioactivity of the substances. These substances, in their turn, 
were called radioactive 


11.1 THE DISCOVERY OF RADIOACTIVITY 

In the year 1896 it was accidently discovered that crystals of potassium uranylsul- 
pbate left over a wrapped photographic plate showed some shadow marks on the plate 
after its development. This phenomenon could be repeated in total darkness. It 
was, therefore, inferred that potassium uranylsulphate crystals emitted some photo¬ 
graphically active rays These rays were traced to the element uranium and on further 
investigation it was found that thorium compounds also emitted similar rays. The 
capacity of some elements to emit rays in this way "was called radioactive power and the 
phenomenon was given the name radioactivity. Once discovered, radioactivity became a 
popular subject for scientific research. Now we have not only the naturally occurring 
radioactive elements but several man made radioactive elements also. If a sub¬ 
stance emits radiations by itself, it is said to possess natural radioactivity. However, 
ii a substance is not radioactive by itself; but begins to show new radioactivity under 
exposure to rays from a naturally radioactive substance, such a phenomenon is called 
induced or artificial radioactivity. We shall meet with examples of both kinds in this 
Unit 




NUCLEAR CHEMISTRY 


143 


11.2 NATURE OF RADIATIONS FROM RADIOACTIVE SUBSTANCES 

If the radiations from various radioactive substances are passed between the two 
poles of a strong electrostatic field (at right angles to the direction of field), three differ¬ 
ent types of behaviour are observed (Fig. II I). 



RADIOACTIVE 
I MATERIAL 



I- RAY 



, I . RAOlOACTIVt 
l LI MATERIAL 


Fig. II.I Behaviour of and r emission subjected to an electric held 


Some of the rays bend away from their initial path, while the rest retrain undcflcL'led 
In the first group of rays (which bend from their initial path) art of two types . (i) those 
which bend only a little and in one direction, and (ii) those which bend heavily and in 
just the opposite direction The lightly bending rays were called x-rays (alpha 
rays) Such rays were found to be coming out of uranium However, thorium was 
found to emit the rays bending heavily in the direction opposite to that of rays emitted 
in case of uranium. These were called the fi-rays (beta lays). The non-bending 
third type of rays were called -,-rays (gamma rays). ~ 

Further investigations have shown that the x-rays consist of helium atoms which 
have lost their electrons. Thus, each x-ray particle has mass of about 4 atomic mass 
units arid a positive charge of two electronic units This information is shown by the 
symbols *v. or. 4 He used for x-ray particles and helium nuclei, ,3-rays arc found to con¬ 
sist of negatively charged particles which resemble electrons and arc, in fact, electrons. 
A p-particle has a negligible mass and a negative Charge of one electron unit It is 
given the symbol or The y-rays are found to be similar to hard X-rays and are 
electromagnetic radiations of very short wavelength of tlve Order o( 0.1 nm oi IA 
They are massless and chai^eless The smaller deflection of x-rays is due to their heavy 
mass and large momentum Heavy deflection of (5-ruys is due to their momentum 
being relatively much smaller. Absence ol charge and mass in y-rays is responsible 
for no deflection being observed in their case. 

x-rays can penetrate 0.002 cm, |J-rays can penetrate up to 0.2 cm, and y-rays can 
penetrate as much as 100 cm of thick aluminium sheet respectively. 


11.3 CHANGES IN NUCLEI DURING RADIOACTIVITY 

During nuclear changes, a- and Ji-particles are thrown out from the nuclei ol 
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radioactive elements An a-particle can be regarded as a combination of 2 neutrons and 
2 protons to make up foi its mass number. 4, and its charge of two positive electronic 
units Obviously, after emission of an a-particle from an atomic nucleus, the new 
nucleus formed must have' a mass number which is smaller than that of the original 
nucleus by 4 units The positive charge or the proton number for the residual nucleus 
must be less by 2 units than that of the original nucleus This will also mean that the 
atomic number for the new nucleus will be less by 2 compared to the atomic number 
of the original nucleus Another thing will be an immediate adjustment in the number 
of electrons in the energy shells round the nucleus so that finally a neutral atom is 
obtained for a new element 

In a-particle emission, atomic number of the new or daughter element is smaller by 
2 units and its mass number is smaller by 4 units than the original or parent element 

Anv decrease in mass, howsoever small, will be converted to energy in the form of 
y-rays A chemist is concerned with the change in atomic number, as this means the 
formation of a new element Radioactivity is, therefore, also called transmutation 
of elements The daughter element whose atomic number is smaller by 2, will have 
a position in the Periodic Table two places to the left of the position of the parent 
element A group displacement occurs as a result of the emission of an ce-parUcle, The 
new element will be an isotope of the element already present in this new position two 
groups behind the group of the parent dement 

Let us now consider the nature of change in a nucleus after it has emitted a p-particle 
When a nucleus emits a p-particle, one of the neutrons in the nucleus is converted into 
a proton. Since the mass number for a proton and a neutron are the same, emission 
of a p-particle will not cause any change in the mass number of the nucleus However, 
as the new nucleus will have one proton more, the atomic number for the new nucleus 
or of the daughter element corresponding to it will be more by 1 compared to the 
parent element The daughter element will occupy in the Periodic Table one position 
ahead of the parent element A group displacement and a transmutation of element 
accompany the emission of a p-particle An adjustment in energy of the new nucleus 
and in the number of extra-nuclear electrons completes the p-ray change. 

Without going into any further discussion we can say that emission of y-rays alone 
by any nucleus will not amount to any change in atomic number, group displacement 
or transmutation of element It will only mean lesser energy in the nucleus, y-ray 
emissions are observed from nuclei which are left in an exceed state by an earlier emis¬ 
sion of a-or p-particles. 

Group Displacement Law* The new element formed as a result of emission of an 
a-particle from the nucleus of atom of a radioactive element occupies a position two 
groups to the left of that of the initial element and the new element formed by the 
emission of a p-particle from the nucleus of a radioactive element occup'es a position 
one group- to the right of that of the initial element in the Periodic Table 


*In some cases of artificial disintegration of elements, positrons, + ^e, are also emitted In such 
cases, the atomic number of a daughter element will ]bt one less than that of a parent element 
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Example 11.1 

After emitting some a-and some p-partiues, we pass down the series from “u to 
*^Pb. How many a-and ^-particles must have been lost in this series change “> 

Solution 

Transition ***0-►"'Pb 

at n 

Loss in mass number = 238-206 = 32 
Decrease in atomic number-92 —82 - 10 

Loss in mass number can be set for a-particle emissions. Since each particle 
accounts for a decrease of 4 units, number of a-particles corresponding to a decrease 
of 32 will be 8. 

When 8 a-particles are lost by a nuclide, its atomic number should decrease by 
16<* Actual decrease observed is 10 To account for the difference of 6 in atomic 
numbers there should be a loss of 6 j3-particles also Therefore 
Number of a-particles lost = 8 
Number of p-particles lost = 6 , 

Example 11 2 

Ra-226 is an a-emitter and Bi-210 is a (3-emitter. In what groups will the 
daughter elements be and what shall be their atomic numbers ? 

Solution 

Radium has an atomic number of 88 and its place is in group IIA The daughter 
elements would have an atomic mass of 222 and an atomic number 86. According 
to the Periodic Table, this element is radon. It is present in the group 0 or amongst 
the noble gases. The daughter element from s ^Bi will be a ^°Po which is one group 
ahead of bismuth. The change will be from group VA to group VIA 

11.4 CHEMICAL EQUATIONS FOR NUCLEAR CHANGES 

In nuclear changes, basically nuclei of atoms are involved. From one initial 
nucleus, one new nucleus is formed and any change in mass and charge numbers is 
adjusted by putting into the equation a requisite number of other involved particles. 
In radioactive changes, these other particles are the «- or the 3-particle. By a ccnven- 
tion, now universally adopted, we use for nuclei the same symbols as for the relevant 
atoms or elements However, we add the mass number and the charge number for a 
nuclear symbol on its left side. Thus *He stands for a nucleus of helium whose mass 
number is 4 and charge number or atomic number is 2. This nuclear species is a'so 
called the helium-4 species. The atomic number of the species follows from the name 
I18 U stands for the nucleus of uranium isotope, uranium-238, atomic number and 
nuclear charge number being 92. 

Two examples of nuclear equations are : 
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(i) Uranium-238-’►Thorium-234 -(- a-particle 

or iJ “u—> -f 4 Hc 

Vi M 2 

( ii ) Thonu m-234—>Protoactinium-23 4-f- (3-particle 

or Th—-> Pa -f- e 

!>0 »1 -1 

1.4-1 RADIOACTIVE DISINTEGRATION SERIES 

Spontaneous disintegration of any nuclear species is a change leading from a less 
table substance to a more stable one. However, complete stability may not be 
cached in a single step The daughter element may still be radioactive and, thus, we 
an have a Cham of disintegration steps. This chain continues till a final stable nuclear 
.pecies is reached All the nuclei from the initial element to the final stable element 
-onstitute a series which is called a disintegration series, Since mass numbers change 
only when x-particles are emitted (and not when (3-particles are emitted), the change is 
af 4 units at each step. The mass numbers of all elements in a series will fit into one of 
the formulae 4n, 4n-(-l, 4n+2, or 4n+3 

Thus, there can be only four disintegration series 4n+1 series consists of man 
made elements and the other three series are of naturally occurring elements These 
series are 

4n series • Thorium series from thorium-232 to lead-208 (value of n for 
thorium is 58 and for lead is 52) 

4n+l series : Neptunium series from neptunium-237 to bismuth-209 (value of n 
for neptunium is 59 and for bismuth is 52) 

4n-!-2 series : Uranium series from uranium-238 to lead-206 (Value of n for 
uranium is 59 and for lead is 51') 

4n-(-3 series ' Actinium 'series from uranium-235 to lead-207 (value of n for 
uranium is 58 and for lead is 51) 

Before proceeding further, we may define two more terms used in nuclear chemistry. 
The first one is nucleon. It is the common name for particles constituting the nuclei, 
and can be used for neutrons and protons collectiyely Thus, we may say that the helium 
nucleus consists of four nucleons. The second term is the nuclide. A. nuclide refers 
to a nucleus with specific atomic number and atomic mass. Thus, tfie alpha decay of 
uramum-238 nuclide leads to the formation of the thorium-234 nuclide 
111 , | 

U -*■ Th + He 

n m i 

For, nuclide of one element the term ‘isotope’ is frequently used. 

11.5 ARTIFICIAL TRANSMUTATION-OF ELE MENTS 

We have seen up to now how naturally radioactive elements get transmuted or 
transformed into new dements. It has been found that radioactivity of an element 
is not changed in any way by a change in the chemical combination of the element or 
by changing the teronerature or pressure on a substance. This shows that radioactivity 
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is a property of atomic nuclei. These are not influenced in any way during chemical 
or physical changes. Thus, the nature of particles emitted, the rate at which they are 
emitted, or the energies with which they are emitted remain beyond man's control. 

The scientists tried another approach. They planned to bombard atomic nuclei 
with particles, which were themselves of atomic or sub-atomic sizes and had high 
speeds. In the initial stages, experiments were conducted with a-particles available 
from naturally radioactive elements Blackett and Rutherford reported the reaction 
between nitrogen nuclei and a-particles obtained from radium. 

14 N+ 4 He—v 17 0-t- l H 

n 1 % 8 1 

Thfe slow rate of this reaction indicated the great difficulty in reaching a positively 
charged atomic nucleus with the help of a positively charged a-particle projectile. 
Rutherford’s experiment proved the feasibility of artificial transmutation of elements, 
but the means for absolute success were not then available 

Another atomic bombardment experiment of great historic importance was of 
W. Bothe and H. Becker of'Germany conducted in 1930. A new fast moving particle 
with great penetrating power was discovered in the bombardment of beryllium with 
a-particles. It was undeflected by magnetic field In 1932, James Chadwick of 
England .showed that this chargeless particle had a mass almost equal to that of the 

proton, He called it neutron. Neutron was given the symbol l n 

0 

’Be-t- 4 He—> l “c+ ‘n 

4 1 S • 0 

In the meantime, accelerating machines were constructed for accelerating the 
available sub-atomic particles like the a-particle and the proton so that they could be 
given momenta large enough to counteract the coulombic repulsions of atomic 
nuglev. The cyclotfon was one such machine. More successful bombardments were 
achieved and several planned and unplanned transmutations of elements were carried 
out. The following equations illustrate a few of the experiments : 


"K+'H - ► ,4 Ar+ 4 H? 

IS ^ 1 18 ' » 

(p,*) 

“Na + *H- 

_V l Ne-H He 

(d,a) (d means deiiterium ) 

U .1 

U 1 

14 C+ 1 H— 

• i 

-y^N +\ 

7 0* 

(p.y) 

m N+ 1 a— 

7 • 

« 1 1^ 

( n iP) 


The transmutation reaction# are usually classified according to the nature of the 
bombarding particle and of the ejected particle (they are named in this very order). 
Historically important transmutation is the bombardment of aluminium by a-particles 
from polonium, carried out by Irene Curie and F. Joliot Aluminium appeared to 
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keep on emitting positrons even wnen bombardment with <x-particles was stopped, 
It was the first observed case of artificial or induced radioactivity. 

The following changes take place . 


7 A * .4 - * 10 j, . 1 

Al-j- He—> P+ n 



0 

e 


+i 


(a,n) 


The observed positron emission was from the product element, phosphorus, but it 
appeared as if the aluminium had been induced to become radioactive. Thus, what 
we sppak of as induced radioactivity of aluminium is actually the radioactivity of 30 p 

15 


As a positively charged particle (proton or a-particle) approaches the atomic nucleus 

due to coulombic repulsion, potential energy of 
the system increases (Fig. 11.2) This happens 
up to a certain distance near the nucleus Once 
the particle gets near enough, a strong attraction 
comes into play. At this close distance, nucleons 
show extremely strong attraction irrespective of 
their charges. 

Particle energies are often stated in units of 
electron volts (eV). This is the energy gained by 
a particle of 1 electronic unit of charge when it 
moves in an electric field over a poterttial differ¬ 
ence of 1 volt a-particles of natural radio¬ 
activity have energies of 5 to 8 nvllion electron 
volts (MeV) per particle Accelerators can now 
Fig II - Potential energy diagram of produce particles with energies in the range of 
an «-particle-atomic nucleus system billion electron volts (or giga electron volt, 

GeV*). 

Some important aspects such as induced radioactivity, stability of atomic nuclei, 
energy changes in nuclear transmutations, fission and fusion of nuclei, and uses of radio¬ 
isotopes and radiation hazards are dealt with under Nuclear Physics m the Physics 
Textbook. Part 11 We shall now discuss some of the kinetic aspects of nuclear changes. 



11.6 DISINTEGRATION RATES AND DISINTEGRATION CONSTANTS 

In all radioactive disintegrations, the number of atoms disintegrating is proportional 
to the number of such atoms (nuclei) present. This is characteristic of first order 
reactions (Unit 5), The rate of decrease jn the number of disintegrating atoms can 
be written as 

“lGev —1 giga electron volt = 10* electron volt=l billion electron volts 
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dN .XI 

or ~'dt‘ =AN ■ (111) 

where N is the number of radioactive nuclei present at any instant. The proportion¬ 
ality constant A in this case is called disintegration or decay constant It has a charac¬ 
teristic value for a given radioactive element. Eq 11 1 may be rearranged as 
dN . . 

~N=~ Adt •• (H2) 


On integration, we get • 

In * At 
No 


or N = Noe~ At 

Also, 2.303 log—- =-At 
No 

I jl No 1 At 

or l0 & ~N * 27303 ■••013) 

No is the number of radioactive atoms present at t = 0. It follows from Eq 11.3 
that radioactive disintegration is an exponential decay process. 


11.6-1 HALF-I.IFE PFP.IOO 

Like other first order reactions we can also have half-life of radioactive decays 
Half-life period is a characteristic property of a radioactive species. It is the time 
required for the disintegration of one-half of the atoms of radioactive species initially 
present. Different radioactive substances have different half-life periods. For example, 

half-life period of ”*U is 4.51 x 10 8 years; of aa0 Ra is 1590 years; and that of 21# Po is 
1.5x10 * seconds. 80 M 

The condition lor half-life is that 'N = \ No. Substituting this value in Eq 11.3. 
we get . 


log2 


2.303 


or tj 


2 303 log 2 
A 


0.693 

A 

Here, tj represents the half-life period. Thus, if the disintegration constant (A) 
is known, tjie half-life period (t j ) of the radio-element can be evaluated and vice versa 
The half-life period, which ib. inversely proportional to the disintegration constant, is 
thus independent of the amoant of radio-element initially present. The amount of 
decay of any radio-element is independent of temperature, pressure, and other physical 
conditions. It is governed solely by the lengths of time and its disintegration oonstant. 



A typical radioactive disintegration curve is shown in Fig. 11.3 in which the fraction of 



No of half lives e lapsed 

Fig 113 Schematic diagram of decay of a radioactive element 


the amount of radioactive substance is plotted against time. The knowledge ol the 
principles of half-lives have been extremely valuable in determination of geological 
times 

11.7 CARBON DATING 

Half-life principle forms the basis of the carbon dating method. X *C is produced in 
the upper atmosphere by cosmic ray-bombardment of nitrogen and gradually reaches 
our atmosphere 

U N f'n-*■ 14 C+ *H 

7 0 6 1 

C-14 decays according to the equation . 



Since number o( cosmic rays impinging on the earth is relatively constant, the 
production and disintegration rates of C-14 are constant Under the circumstance, an 
equilibrium is maintained not only between the rates of formation and'disintegration of 
C-14 but also between C-14 and C-12 content of atmospheric CO a This means that 
the concentration of C-14 in the atmosphere has been constant for several millions of 
years This amount of C-14 is extremely small. However, its radioactive properties 
make its detection- and estimation easily possible Carbon-14 dioxide is in turn 
incorporated into living plants by the process of photosynthesis. These plants are 
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eaten up by .the animals and, thus, carbon-14 is incorporated in their systems Any 
living material has the equilibrium percentage-of carbon-14 in it so long as it is alive. 
As soon as it dies, it ceases to incorporate any more carbon-14. Carbon-14 already 
present in it begins to decay and its carbon-14 content gradually drops off. We know 
that half-life period of carbon-14 is 5,760 years. In 5,760 years, its concentration is 
cut to half and after 11,520 years only 25% of the initial concentration remains. This 
process of decreasing concentration continues. If we know the equilibrium concen¬ 
tration of C-14 and its concentration in a dead piece of wood at a particular time, the 
material can be dated. We can calculate the age of the material using the half-life, 
constant for C-14. It is very Important to note that it is assumed that the normal 
concentration of carbon-14 several thousands years ago was the same as it is today 
Suppose, we have a piece of charcoal from a campfire at an archaeological find and 
we wish to date it. For simplicity let us assume the equilibrium concentration of C-14 
is 1 %. Now, radioactivity (which depends on its C-14 concentration) of charcoal is 
measured and let us suppose.it contains 0,125% of the C-14. Of it 0.5% would have 
remained after the first half-life, 0.25 % after the second half-life, and 0.125% after the 
third half-life 'Thus, three half-lives must have elapsed since the wood was cut Tor 
the fire. Thus, the age of the find is 3-x 5,760 years or 17,280 years. This method is of 
immense use in geological and archaeological fields One can understand the importance 
of the method by the fact that Willard Ubbv (University of California) was awarded 
Nobel Prize for work in radiocarbon dating 

This method of dating can be effectively used Up to 60,000 years There are also 
other isotopic elements which may be used to establish ages significantly greater than 
50,000 years, but such description is beyond the scope of the present text. 

Example 11.3 

A wood piece from an archaeological find has only 25% as much C-14 activity asa 
fresh piece of wood Calculate the age of the piece of wood t, for C-14 is 5,700 
years. 

Solution 

No - 100%, N = 25 % of No = 25% 

t. = ^692^ 5,760 years 
A 

• A== iw =1,2x10 ' 4 years “‘ 

No 

At - 2.303 log (vide Eq. 11.3) 

... t = ) 2 3 °o-* !og 4 = 2 303 — x 10* = U,520 years 


11.8 MASS ENERGY CONVERSIONS 

In transmutation experiments one comes across situations in which masses disappear 
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when huge amounts of energy are generated. For mass-energy conversions the follow¬ 
ing equation given by Einstein and known as Einstein's mass-energy relationship holds: 

E - me 2 .(11.4) 

In this equation, the energy, E, will be in joules if the mass, m, is in kilograms and 
velocity of light, c, is in metres per second. Energy is directly proportional to mass 
disappearing. Because of.a very large value of velocity of light, disappearance of 
extremely small masses will yield extremely large values of energy. It is the quantity 
of mass which goes into above relationship and not its quality or kind. 


Example 11.4 

Calculate the loss in mass accompanying combustion of one mole of CH 4 which 
vields 890kJ of energy. 

Solution 


&E -- -890 kJ, c - 3x10 s m/sec 

since /\E = /\mc" 


•\E 

Am - -- 


890 x 1Q3J 


* -9 89 x 10~ 32 


(3 x 10 8 ) 2 m 2 /sec 2 
J 


m 2 /sec 2 


since I joule 1 kg m 2 /sec 2 
- -9 89 x10-' 

= -9 89 x 10-' 2 kg 


-V»i - -9 89 < 10 

m 2 /sec 2 


rims, a change in mass accompanying a chemical change is quite outside the limits 
of experimental measurements 
Example 11 5 

An a-particle has a mass of 4 00150 amu. It can be treated as made from the two 
neutrons and two protons The neutron has a mass of 1.00867 amu and a proton of 
1 00728 amu If 6.02 x 10 23 amu equal 1 gram of mass, calculate the energy released 
during formation of a mole of a-particles 

Solution 

Mass of 2 neutrons = 2x1.00867 = 2.01734 amu 
Mass of 2 protons = 2x1.00728 = 2.01456 amu 


Total mass = 

Mass of a-particle = 
Therefore, 

Loss in mass 
for one particle 

Hence, 0 0304, amu = 


4.03190 amu 
4 00150 amu 


0 03040 amu 

1 0000 
6.02 v 10 22 


x0 0304g 
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Loss in mass for 1 mole of «-particles = —x 0.0304 x 6.02 x 10» g 

- 0.0304 g - 3.04 x 10“'kg 

Energy equivalent to 3.04x l(Hkg-3.04xl0-*x9.0x 10“ J = 2.74x 10 1 * J 
Loss of such a large amount of energy is responsible for the stability of a-particles. 

11.9 SYNTHETIC ELEMENTS 

Uranium was the limit of elements occurring in nature. It was natural tp enquire 
if there could be elements with atomic numbers more than 92. When it was found 
that by bombarding atomic nuclei with neutrons and accelerated protons and oc-particles 
lower elements could be transmuted to neighbouring ones and that the elements missing 
in the Periodic Table at atomic numbers 43 (Technetium), 61 (Promethium) and 87 
(Francium) could be synthesized by bombarding atomic nuclei with fast sub-atomic 
particles, attempts were made to produce elements beyond uranium by a similar method. 
There was quite a bit of success. Gradually, heavier ions came to be used as bom¬ 
barding pahicles. Now the Periodic Table shows elements up to atomic number 105. 
The elements coming after uranium are called transuranic or transuranium elements 
They are all synthetic «n nature and are man made. They are radioactive and most 
of them have short half-lives. The following nuclear equations depict the formation 
of some of the new elements. 


*“U+ 1 n —> M8 U — 

w o W 


230 


Np 


■ Np 4- e 

oa v 1 -l 

Neptunium 


239 n , 0 

Pu-f- e 

M -1 

Plutonium 


M °Pu+ l H- 

M 'l 


Am 


-Th i 

®5 

Americium 


aae 0 . 4„ 

Pu4- He 

M 1 S 


m A , i rT . l 

»- Am -4- H+ n 

M ' 1 1 0 

Amfericium 


ul Am + "He 

a 


► i43 Bk + 2 1 n 

07 1 0 

Berkelium 


Elements up to atomic number 103 have been named. The element with atomic 
number 104 is being currently called Kurchatovium* (K.u) and that with 105 Hahnium 
(Ha). 


'Name is sot yet final. It is also called Rutherfordluin, 
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EXERCISES • 

11.1 State the numbers of neutrons, protons and nucleons in the following nuclides' 

(i) Carbon - 14, (u) M Na, (m) Uranium-238, (tv) 40 Ar 
u is 

11.2 Write nuclear equations for the following transformations . 

(t) Thorium-232 decays to radium-228 

241 

(it) Pu emits a B-particle 

94 

88 

(m) Y emits a positron ((1+) 

39 

11.3 Complete the following equations . 

(i) 27 Al + *Hc -► •• 4- *H 

(„) 27 Al + • • -*■ 3 °P+Jn 

u is 

£4 0 

(in) Mg ■+- e 

(iv) 235 U -(- *n -*■ "4" 14 ° Ba + 2*n 

mo 58 o 

11 4 Write equations for the following processes . 

(i) “n (n,p), (n) 1 N (p.ot) 

7 7 

115 Calculate the a-and-p-particlcs emitted in the thbrtum scries in reaching lead-208 from 
thorium-232 

116 (a) One microgram of Na-24 is injected into the blood of a patient. How long will it take 

the radioacmity to (all to 10% of initial value ’ (tj for Na-24 is 14.8 hours) 

(b) Half life of tritium (hydrogen-3) is '12.3 years. If wc seal 20x10-® kg of it in a tube 
today, how much of it will remain in the tube after 6.15, 12 3 and 24 6 years ” 

11 7 100 mg of Co-60 is stocked in a laboratory as a y-ray source. It has a half-life of 5,26 years 

Calculate the percentage decrease in its activity after one year 
11 8 Calculate the age in the tollowing cases : 

(i) A piece ot hair in which C-14 activity is 60% of the activity found today (t i —5,760 years). 

(n) A vegeiar,.m beverage whose tritium content is only 5% of level in living plants 
(t^ =12 3 years). 

("0 A uranium rock has uranium-238 and lead-206 in a mass ratio of 1.50 to 1.00. 

(X —1 52 \ 10-1° year -1 ) 

11 9 The dismleg.ition rate of a radioactive element changes from an iQitial value or 3112 disinte¬ 
grations per minute to 980 disintegrations per minute m 42 days. Calculate the disintegration 
constant and half-life period for this element, 

11 10 Rutherford observed transmutation of an element on bombarding nitrogen with a-particles 
but not when the gold plate was bombarded with the same particles. Suggest a reason. 

1111 For transmutation experiments a-particles and protons are accelerated but this is not so for 
neutrons Explain. 

1112 Suggest if the following radioactive elements will or will not be accumulated in our body 7 
If accumulation is indicated suggest ths possible location also, 

Strontium-90, iodine-131, krypton-87, iron-56. 

11.13 Calculate the number of C-14 atoms in the body of a man weighing 70 kg, if percentage of 
carbon m human body is taken os 18 and 1 molecule in every 10 12 molecules of COg in air 
contains carbon-14 atom. 



The Noble Gases 


The gaseous elements helium, neon, argon, krypton, xenon and radon constitute 
the zero group of periodic table, Because of their low abundance on the earth, they 
have been called rare gases, and due to their chemical inertness, they have been 
called inert or noble gases. With the discovery that some of them can form 
compounds under suitable conditions, we no longer refer to them as inert gases 
All of them, except helium, have the closed shell, np 6 , configurations Helium 
has the Is 2 configuration. The electronic configuration accounts for their high degree 
of chtmical inertness in ordinary chemical reactions 

12.1 OCCURRENCE 

All the noble gases, except radon, are present in atmosphere The relative 
percentages of the noble gases in dry air are given in the following table 

TABLE 12.1 

Relative Abundance of Zero Group Elements in Dry Air 


Element 


Peri entnge 


Helium (He) 
Neon (Ne) 
Argon (Ar) 
Krypton (Kr) 
Xenon (Xe) 
Radon (Rn) 


52 x 10 1 
1 8 X 10 * 
9.3 X 10 * 
1 l > 10‘ 
8.7 X 10"' 


In addition helium is present up to 10 per cent in natural gas (the gas emanating 
from certain petroleum bearing regions). It also results from the decay of certain 
radioactive elements and is found in some uranium minerals. Radon is produced 
in the radioactive decay of radium, 
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12.2 DISCOVERY OF THE NOBLE GASES 

In 1785,Cavendish observed that when air was sparked with an excess of oxygen 
and the unreacted oxygen removed, a small residual gas was left behind which 
would not combine with oxygen or any other element This, discoveiy was'not 
taken serious note of till 1895. In that year, Rayleigh found iliai nitrogen obtained 
from atmosphere showed a density of 1.2574 while nitrogen from chemical sources 
has a density of 1,2505 only Bypassing nitrogen obtained from air repeatedly 
over heated magnesium, Ramsay obtained small amount of a residual gas Spectro¬ 
scopic examination of tnis gas showed that it was a new gas, different from nitrogen. 
From its inertness it was named argon (meaning inert), 

Helium was first detected spectroscopically by Lochyer in sun's atmosphere It 
was later identified in the gas evolved from certain radioactive minerals 

With the discovery that atmospheric air is the chief source for noble gases, a 
thorough fractionation of liquid air was carried out This resulted in the discovery 
of neon, krypton and xenon. 

Radon was identified as a disintegration product of radium. 

12.3 PROPERTIES 

The outer electronic connguration and the general trends in properties of the 
noble gasfes are summarised in Table 12.2. 


TABLE 12.2 

Electronic Configuration and General Trends in Properties of Noble Gases 


Element 

Atomic 

number 

Outer 
electro¬ 
nic con¬ 
figura¬ 
tion 

AHfna 

(kJ 

mol-') 

A Hthp 
(kJ 
mol-') 

Ioniza¬ 
tion 
energy 
(kJ mot') 

. ^ 

m p, 

(K) 

fanner 

Wauls’ 

raduts 

(k) 

He 

2 

Is* 

002 

0 

2372 


— 

- 

Ne 

10 


033 

1.77 

2081 

27 

24 

1.33 

Ar 

18 

3i'3p' 

1 IS 

6-5 

1520 

S7 

U 

1-74 

Kt 

36 

4»Mp‘ 

1.64 

9.0 

1350 

121 

116 

189 

Xe 

54 

3s‘5p‘ 

2.3 

12.6 

1170 

366 

163 

2,3 

Rn 

86 

68*6p ( 

2.9 

16.4 

1040 

211 

a 

202 

2.15 


All of them are monoatomic, colourless, odourless gases They are sparingly 
soluble m water. They have low mdting and boiling points. The inter-atomic 
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forces in lhe noble gases are very weak The. first member of the group, helium 
shows some abnormal properties Thus if helium is cooled to 12K at I atmos¬ 
phere, liquid helium called heliym-I changes into hclium-II which has abnoimal 
physical properties. 

The noble gases other than radon can be obtained by the fiactionation of liquid aii 

12.4 USES 

The noble gases are widely used to provide an inert atmosphere in welding 
and cutting, inside electric bulbs and in metallurgical operations. As liquids 
they are used for providing very low temperatures 

Helium because of ns lightness and non-inflammability is used to lill air ships 
and observation balloons Helium-oxygen mixture is used by deep sea in preference 
to nitrogen-oxygen mixiures It is much Jess soluble in blood than N 2 This pre¬ 
vents the bends. “Bends” is the pam caused by formation of nitrogen bubbles in 
blood veins when a diver uses to the surface 

Neon, argon and xenon arc used to fill coloured discharge lubes for optical 
decorations and advcrnsmg 

Radon is an active intermediate in treating cancer with radium 

12 5 COMPOUNDS OF THE NOBLE G\SES 

Because of their high ionization energies and the closed shell electronic confi¬ 
gurations the noble gases do not form compounds like other elements 

It was noticed that when oxygen reacted with platinum hexafluoride, hexafluro 
platinate 02 + [PtF 6 ~] was formed. Because xenon and oxygen have similar first 
ionization energies, it was thought that xenon could also give a similar product. This 
prediction was verified by Bartlett in 1962 and he prepared the compound 
Xe+PtF«- This discovery stimulated the search for other noble gas compounds 

Soon many compounds of xenon with fluorine were prepared. 

573 K 

Xe + 3F 2 -* XeF 6 

673K 

Xe + 2F 2 -* XeF 4 

light from mercury arc 
___ XeFj 


Xe + F 2 
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The bonding in iliese compounds is covalent It involve electron promotion 
from the p 10 the unoccupied d levels of the xenon atom. The highly electronegative 
fluorine is able to induce this type of promotion of electrons in xenon atoms. 

While xenon difluorule ts a linear molecule, the tetrafluonde i$ a square planar 
molecule \Fig 12.1). 


h — Xe—F 



Fig 12,1 Structures of XeFi and XeF, molecules 

The noble gases argon, krypton and xenon when compressed with water give 
hydrates containing 6 molecules of water for each noble gas atom. It i S regarded 
that in such compounds the noble gas atoms are trapped in a net work of water 
molecules The water molecules are held together by hydrogen bonding. Such com¬ 
pounds are termed 'enclosure' compounds or 'clathrate' compounds. 

EXERCISES 

•2 I Why are the noble cases in general chemically inert 1 

12 2 The outer eWi configurations of (he noble gases provide a .key'to chemical bonding. 

Discuss'' ' 

12-3 Give an account of the isolation of the noble gases, 

12 4 What arc the chief u«es of noble gases 1 

12 5 How do you acc '° unt for ^ formation of xenon fluorides t G.ve the molecular structures of 
XeFi and XeF,. 

12 6 How do you justify the inclusion of the noble gases in the zero group of the periodic table ’ 

12.7 Why the name ‘inert gases' has now been given up for the zero group elements ? 

12.8 Why no xenon and bromine, and argon and fluorine not form compounds like xenon fluori¬ 
des, 

(Hint Electronegativity differences and promotion possibilities of electron* not helpful) 



UNIT 13 


Metallurgical Operations 


The elements in the periodic table broadly fall into two major types, metals and 
non-metals. The first type is characterized by low values for their ionization energies, 
electron affinities and electronegativities as compared to the much higher values 
shown by the elements of the second type. The occurrence and recovery of metals 
largely depends on their properties 

13.1 OCCURRENCE OF METALS 

The metals differ very widely in their reactivities. The few unreactive ones may 
occur in nature.in a free state or native form. Thus, platinum and gold occur free in 
nature. Silver occurs native as well as in the form of compounds The reactive 
metals, by their very nature, cannot occur in free state. Solid compounds of metals 
occurring in nature are termed minerals. Thus NaCl, K.C1, CaC0 3 , MgC0 3 , ZnS, 
HgS, CujS, FejSs, etc. which occur in nature are all minerals. 

The minerals form the chief source of metals. However, it - would be possible 
to obtain a metal economically only from some minerals and not others Such mine¬ 
rals which are used for commercial preparation of a metal, are called its ores. 
Both bauxite Al t O s j2HiO and clay, Al*O s . 2SiO a , 2H,0 contain minerals of 
aluminium However, bauxiye is principally used in the commercial production of 
aluminium. So bauxite, and generally not clay, is referred to as an ore of aluminium. 
Table 13.1 gives the minerals of some metals. The minerals used as ores are marked 
with an asterisk (*). Metals can be extracted profitably from ores. 


.TABLE—13.t»‘ 

Metals aid Their Important Mineral* 


Metal 

Minerals with their Chemical Formulas 

Sodium 

Rock Salt—N bCI* 


Chile Salt petie—NaNO, 


Borax—Na,B<0» 


**The table iinot intended for memorization. 
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Potassium 

SyMne-KO* 

Camafflter-KCL MgCVtSHjO 
Felspar—KtO-AJnOg. «SsO, 

Calcium 

Limestone—CaCO,® 

Dotocdto—CaCCVMpOO, 

Oypsom CnSOa. 2H s o 

Copper 

Ma btchrte—CuCO,Cu(OHV 

Copper glance—Cu»S* 

Copper pyrites— QhS JPesSa* 

Magnesium 

Asbeatoa—CsSiOrBI{SiO t 

Magnetite—MgCOa' 

Dolomite—CaCO,.MgCO,* 
CanallHe—1KCLMfd»dHsO* 

Silver 

Silver glance—AgaS' 

Horn silver—AgCl* 

Native silver* 

Gold 

Nalhre gold* 

Zinc 

Zinc blende-'ZoS* 

Zincite—ZnO* 

Calamine—ZoCO,* 

Mercury 

Cinnabar—MgS* 

Aluminium 

Bauxite—AI jO,.2HKJ q 

Cryolite -JNaFAlF, 

Tin 

Cassiterite or Tin stone—SnOa* 

Antimony 

Stibnile—Sba$a* 

Lead 

Caleua—PbS* 

Bismuth 

Bismuth glance—BiaSa® 

Chromium 

Chromite—FeO.C*«O f * 

Manganese 

Tyrol usrte—MnOa* 
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Iron 

Haematite—Fe»O r * 

Iron pyritei—FeSi 

Magnetite—Fe,0/ 

Nickel 

Millerile—NiS* 


Nickel glance— NiAsS" 

Titanium 

llmemte—FcO TiO,* 


Rutile—T iOi* 


The minerals are invariably contaminated wiih rocky and earthy impurities 
termed gangue 

13.2 METALLURGY 

The process of obtaining or winning a metal in the free slate from us ores is 
lermed metallurgy of the metal concerned The various processes involved in meta¬ 
llurgy are : 

(t) Benefication, concentration or dre sing of the ore 
(li) Extracting the metal from the concentrated ore. 

(ui) Refining of ihe metal so obtained 

13 2-1 Methods Employed in the Concentration of Ores 

(i) Levigation ■ Generally metkl ores are heavier than the gangue associated 
with them. By flowing the powdered ore in a current of water the lighter rocky and 
earthy impurities can be washed away over much longer distances than the henvier 
ore particles The ore particles are left behind. 

fu) Hoth floatation method This is one of the convenient methods’ used to con¬ 
centrate sulphide ores Jn this method* the finely powdered ore is mixed v/nh water. 
One or more frothing agents are added. Then air i$ blown through the mixture. 
A froth is formed. The ore particles rise to the surface, carried by the froth The 
earthy Impurities are wetted by water and sink to the bottom. The froth is skimmed 
off Acid is added to break up the froth, The concentrated ore is filtered and 
dried. 

• (ui) Liquation This'process is employed to concentrate ores having lower 
melting points than the impurities Thus the ore of antimony, stibnite, which has a 
loVf melung point, can be concentrated by heating the powdered ore on the .sloping 
floor of a furnace. The temperature is aci|usted to be justmbove the melting point of 
the ore. The ore melit and flows a wav Infusible impurities are left behind 
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(iv) Leaching In this method the powdered ore is treated with a suitable 
dissolving agent. It dissolves the ore but not the impurities. Thus bauxite, an ore 
of aluminium, besides AljOa contains impurities like FejOj-StOj. The powdered 
bauxite is leached with a strong solution of sodium hydroxide. AI 2 Os dissolves for¬ 
ming sodium aluminate (Part 1, Unit 13). The impurities Temain undissolved. These 
are filtered off. From the sodium aluminate solution, Al(OH) 3 is precipitated. 
This is filtered, dried and ignited. A1 2 0 3 is obtained in a pure form. 

AI 2 O 3 4- 6 NaOH ——+■ 2 Na 3 A10j -+ 3 H 2 O 
Na 3 A10 3 + 3 H 2 0 —* 3 NaOH + Al(OH)a 
2 AI(OH ) 8 -» AI 2 O 3 + 3H a O 

Leaching is also employed to concentrate silver ores and to bring native gold 
into solution from rocks containing threads and particles of gold. In both 
leaching is done using a dilute solution of sodium or potassium cyanide. 

Ag 2 S + 4 NaCN —► 2Na(Ag(CN) 2 ] + Na 2 S 
4 Au + 8 KCN + 2H 2 0 + 0 2 -► 4K[Au (CN) 2 1 4 4 KOH 


13.2-2 Extraction of Metals 

A number of further steps are involved from the concentrated ore to the metal. 
These depend on the nature of impurities present and the metal compound in the ore. 

If the concentrated ore consists of a carbonate, a hydroxide, a hydrated oxide ora 

sulphide, it is first convened to an oxide form by either calcination or roasting. 

Calcination is ihe process of heating an ore strongly so that volatile impurities 
are removed and the decomposable oxy-salts are converted to oxides Here presence 
of air is not essential nor it is necessary to exclude it. Some examples arc ‘ 

CaC0 3 -*■ CaO 4 - C0 2 

AI 2 0 3 ,2H a 0-- A! 2 0 3 4 - 2H 2 0 

2AI (OH) a --► A1 2 0 3 4 - 3H z O 

CuC0 3 . Cu(OH) 2 -> 2 CuO 4- H 2 0 4- C0 2 
CaCOa.MgCOj—► CaO 4. MgO 4- 2C0 2 

oastlng is the process of heating an ore in a controlled supply of air at a 
egu ate temperature so that sulphur, arsenic and other elements present in a free 
or combmed state are oxidized to volatile oxides and the metal oxide is left behind, 
ometimes oxidation of sulphides is carried out only to the sulphate stage as in the 
case of lead. Some of the oxidation reactions of sulphide ore. are given below. 


4FeS 2 + 110* 
2Cu 2 S 4* 30* 
2PbS 4- 30 2 
PbS 4 - 20 2 
2ZnS + 30* 
HgS 4 - 0» 


2Fe 2 b 3 4-8S02 

2 Cu 2 04 - 2 S 0 * 

2Pb04-2SO l 

PbS0 4 

Zn04-2 SO* 

Hg+SO| 



METALLURGICAL OPERATION 'O'* 

From metal oxides metals are obtained by a process known as smelting. This 
involves two mam operations . reduction and removal of impurities as slag. Slag is 
a easily fusible material formed by a combination of basic and acidic oxides. Re¬ 
duction and slagging operation usually take place together. The substance added 
for formation of slag is called a flux 


Removal of impurities as slag 

Ift^e impurities are of acidic oxides, like Si0 2 , P2O5, etc.. lime is added is a basic 
flux to form fusible calcium silicate or phosphate 

Si0 2 + CaO-> CaSi0 3 

P 2 O 5 + 3CaO—* Ca 3 (PO 4 ) 2 
For basic impurities, like MnO, silica acts as acidic flux, 

MnO + Si0 2 -*• MnSi0 3 

Reduction of oxides This is carried out 10 a number of ways 


(1) Decomposition of oxide by heating : This is possible when the oxide is not 

thermally stable. Mercury is 



obtained from its sulphide ore, 
cinnabar (HgS), directly in 
the roasting step. 

HgS + 0 2 -» Hg + SOi 

The recovery of metal is com¬ 
pleted in a shaft fumance 
coupled with condensation 
chambers (Fig 13 1). 

( 11 ) Chemical reduction : A. 
variety of reducing agents are 
used Carbon as charcoal, 
coal and coke, carbon mono¬ 
xide, hydrogen, metals like 
sodium, aluminium, magne¬ 
sium, etc., are some of the 
common reducing agents. In 
the case, of certain stflphjdes 
the partly roasted ore u 
reduced to the metal by using 
the unchanged sulphide itself 
as the reducing agent. When 


carbon is used as the reducing agent, it is converted to carbon monoxide. 
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Examples of a few metals obtained by chemical reduction are given below 

Tin is obtained from its oxide ore, cassilerite (SnOg), by heating the concentrated 
ore with coke 

Sn0 2 *- 2C — ► Sn + 2CO 

Zone is obtained from its sulphide ore, zinc blende (ZnS), The ore, concentrated 
by the froth floatation process, is roasted to the oxide and the oxide is reduced to the 
metal by heating with powdered coal in fire clay retorts (Fig. 13.2) 

2ZnS + 30 2 —*- 2ZnO + 2SO* 

ZnO + C —» Zn -f CO 
2ZnS -r 30 2 —► 2ZnO + 2SO, 

2ZnO + 2C —o 2 Zn T 2 CO 



Fig IJ1 Emracnon of zinc (ZnO n reduced to Zn metal when healed with coke in j fire clay rt- 
Mfi The metal is obtained in ike p*«4ongs and earthenware condensers. Moljl thus 
ubiairvcd is called speller.) 


Iron is obtained from us oxide ore, haematite. The powdered ore is sintered* 
to convert it into porous lumps It is then mixeo with limestone pieces and coke 
pieces 

The mixture is fed into a tali blast ftinuce (Fig. 13.3). Preheated sir is used to 
obtain higher temperature by combustion of fuel in the bottom part of the fumance. 


‘Suutrint stands for melting of particles on the surface so that they bold together without lo*a 
mporosii). Ifibe powder were used directly in the furnace, ic will get dote packed and gas 
pa*sages will be blocked. The solid one lumps are not used as such as they are too impervious for 
reducing agents to act on the inner pans of the ore. 
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This is required for melting the spongy iron formed in the upper parts of the furnace 
A series of reactions take place inside the furnace 

CaC0 3 -> CaO -T COj 

C0 2 + C —► 2CO 
2C -I - 0 2 —► 2CO 

Fe 2 0 3 + 3CO-> 2Fe + 3C0 2 

CaO + Si0 2 -* CaSi0 3 (slag) 


Molten iron forms a layer below the slag layer of calcium silicate, During mcl- 



•s.lef car scip car 

load ini 


Fig. 13.3 (a) Schematic diagram of a blast furnace 
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ting, iron dissolves some corbon. The slag is removed from an uppex hole on the 



side of the furnace and molten iron 


is run periodically out from a lower 
hole into sand moulds to give cast 


iron. 


The metals manganese and 
chromium are obtained from their 
oxides by reduction with aluminium 
powder. These oxides cannot be 
reduced by carbon oi carbon 
monoxide. Since aluminium is more 
electropositive than manganese or 
chromium, it can reduce the Gxides 
o r Tbfse metals. The process is 
termed aluminothermy, The oxide 
formation in case of aluminothermy 
has the dual advantage of high tem¬ 
peratures and strong reducing action 
of aluminium. 


Fig. 13.3 (b) A photograph showing blast furnace of 
Bhilai steel plant (Courtesy : SAIL, 
Government of India enterprise! 
is used as igniter. The molten iro 


FejOa ~h 2A1 


2Fe + AI 2 O 3 


f.MnO or Mn^O*)-!-AI-^-AlaOg+Mr 
'- 12^3 + 2A1 —r 2 Cr-f-Alo 03 

The metals are obtained in molten 
slate Aluminothermy is used for in- 
place welding of large iron struc¬ 
tures A mixture of Fe 203 and Al- 
povvder is mken in a crucible with a 
hole at the bottom. Magnesium rib¬ 
bon imbedded in barium peroxide 
obtained is directly run into the crack (Fig 13.4). 



Fig. 13.4 Aluminothermy 




metallurgical, operations 


167 

Titanium is a metal specially important in space technology due to its lightness 
and high melting point. 

The presence of even traces of oxygen could adversely affect the properties of 
titanium. So titanium is obtained by reducing pure T 1 CI 4 with magnesium. 

TiClj+2 Mg-- Ti+2MgCl a 

The metal copper is obtained from its sulphide ore, copper pyrites, CujS.FejSj. 
The powdered ore is concentrated by the froth floatation process. During the 
roasting of the ore, iron sulphide is oxidized preferentially to FeO and is removed 
as FeSi0 3 (slag). Sand may be added to provide SiOj. Molten sulphides form a 
separate layer, This mixture of sulphides rich in copper sulphide is called matte. 
Matte is heated in a low blast furnace to partially oxidize Cu 2 S to Cu 2 0. The air 
supply is now cut off and temperature of the furnace is raised. The unchanged Cu 2 S 
reduces the Cu 2 0 formed to give impure copper. The chief reactions are given below • 

v Cu 2 S.Fe 2 S 8 + 40 2 -► Cu 2 S + 2FeO + 2S0 2 

2FeO + 2Si0 2 ->- 2FeSi0 3 

2Cu 2 S + 30 2 —* 2 Cu 2 0 + 2 SOa 
2Cu a O -f Cu 2 S-► 6 Cu + SO| 

(iii) Electrolytic reduction : Metals with high negative electrode potentials cannot 
be obtained by using chemical reduction methods. In such cases the reduction is 
carried out elcctrolytically The chief metals to be prepared by this method are the 
alkali and the alkaline earth metals. They are,obtained by the electrolysis of their 
fused anhydrous halides. The preparation of sodium from sodium chloride can be 
represented as follows • 

fusion 

2 NaCl -*- 2 Na* 4 2C1" 

2 CT-► Clj 4 2 e' (at the anode) 

2 Na+ 4 2e~ .- *■ 2 Na (at the cathode) 

Extraction of sodium based on the above principles is utilized in an electrolytic 
cell shown in Fig. 11.1 of Part I of the textbook. Extraction of calcium and magne¬ 
sium is shown in Fig. 13.5 and 13.6 respectively. 

Pure alumina, AI 2 O 3 , obtained from bauxite ore is also reduced to the metal 
electrolytically. Al 2 O s , dissolved in molten cryolite (3NaF.AlF s ) in an iron box 
lined inside with electrically conducting carbon. This serves as the cathode. Carbon 
electrodes dipped into the electrolyte serve as anodes. The electrolyte has Na+, 
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Al 3 +, F" and 0 2 ~ ions. On passing an electric current, A! 3+ ions are discharged 
on the cathode and the O 2 ' ions at the anode. (Why are Na+ and F' ions not 

discharged ?) Molten aluminium 
sinks to the bottom of the box and 
is tapped out from there Some 
quantity of the oxygen formed 
escapes and some reads with the 
anode to form CO 2 . Hence the 
anodes have to be replaced from 
time to time. As aluminium and 
oxide ions decrease, the electrical 
Fig. 13.5: Extraction of Calcium conductance of the bath 

decreases. More alumina is periodically added. Thus electrolytic cell can operate 
for long times. Electrode reactions are • 

At the cathode Al 3+ + 3e~-^ AI 

At the anode 20 2 ~ —> Oa -I- 4 e~ 

C-f-Og —>■ COj 




J Extraction of magnesium 

2 Sr the numbers of electrons, 

lysis of alumina in molren i SS °‘ 
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(v) Some special techniques ■ The metals silver and gold are obtained by the 
'eaching-out process using a solution of potassium or sodium cyanide. From the 
■gentocyanide or aurocyanide solutions, silver or gold may be precipitated by 
adding zinc dust A soluble cyanide complex of zinc is formed. 

2Na[Ag(CN)j] 4- Zn-* Na s [Zn(CN) 4 l + 2Ag 

2K[Au(CN) 2 l + Zn-* K t [Zn (CN) 4 1 + 2Au 

The choice of the metallurgical process for winning a melal from its ore depends 
on the nature of the ore, the availability and price of coal and electricity, the scale 
of operation and the value of the by-products obtained 

The information about the extraction of some of the common metals is summari¬ 
zed in Table 13 2. 

TABLE 13 2 

Metal Extraction Techniques 


Melal 

Reduction 

Flectrode 

Potential 

(Volt) 

Main Source 

Mam Method of Extraction 

Equations 

U 

—3.04 

Spodumene, 

[Li-AI (SiO.1.1 

Electrolysis of Mixed LiCI 
to which KCI it added 

Li H + e- —> Li 

—K 

—2.92 

Carnnltne, 
KCl-MgCl, 6H.U 

Electrolysis of fused KCI 
to which CaCh is added 

K+ + e-—t-K 

- Ba 

—2.90 

Witherite (BaCO,) 
Barytes ^BaSO,) 

Electrolysis of fused BaCU "j 

All preparations involve 
thdTeaction 

Ca 

—2.87 

Limesicne- (CjCO,) 

Electrolysis of fused mix¬ 
ture of CaCIi and CaF* 

Mn + + ne"—-->-M 

Na 

—2 71 

Rock salt (NaCh 

Electrolysis of fused mix- 
lure of NaCI and CaCIi 


Mg 

—2.37 

Caroalltte, 

Magaesite (MgCO J 

Electrolysis of fused car- 
□allite 


Al 

—1.66 

Bauxite 
(AhO, 2H.O) 

Eleiirolysisof AUO, dissol- 
ed in molten cryolite. 

Al** + 3e*—► Al 

Mn 

— t.I8 

Pyrolusiie 

(MnO.J 

Reduction of MnOi with 
aluminium powder 

4 AI + 3ly4nOi-> 

3Mn -j- 2Al a 0 3 

Ti 

—0 95 

Ilmenile (FeO TiO>) Reduclioo of TiCI, with 
Rutile (TiOi) Na or Mg. 

TtCI.4-2 Mg-vTi-i 2MgCI, 

In 

-0.76 

Zinc blende /ZnS) 
Calamine (ZnCOi) 
Zincite (ZnO) 

Roasting ZnS.to ZnO and 
reducing ZnO with carbon 

ZnO+C-X’Zn + CO 
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Metal 

Re dm lion 
Electrode 
Potential 
( Volts) 

Main Source 

Main Method of Extraction 

Equations for Extraction 

Ct 

1 

—0.74 

Chromite 

(FeO.Cr.O,) 

Reduction ofCrtO, 
with aluminium p'owder 

Cr,0,-(-2AI-+2Cr+AI,0 1 

Fe 

-0.44 

Haematite 

(Fe.O,) 

Reduction of oxide wilh 

CO 

Fe.O, + 3CO-*2Fe+3CO, 

Ni 

-0 25 

Mi Her lie (NiS) 

Reduction of Ni0 with CO 

NiO+COh-Ni+CO, 

Sn 

—0.14 

Tin stone or Cassi- 
terite (SnOi) 

Reduction of SnOi wilh car¬ 
bon 

SnO»+2C-*Sn+2CO 

Pb 

-0.13 

Galena (PbS) 

Reduction of PbO wilh C 

PbO+C-*-Pb+CO 

Cu 

-! 0.34 

Copper pyritei 
(Cu»S FeiS,; 

Partial oxidation ol CuiS 
to Cu,0 

Reduction of CuiO 
with unchanged CuiS 

2Cu»S-f 30i->2CuiO-f 2 SOl 

2CuiO+CuiS-> 6 Cu-j-SO 

Ag 

+C8 

Free state. Argentite 

Cyanide process 

Ag,S+4NaCN-v 

2Na[Ag{CNhl+NaiS 
2NalAg(CN).] + Zn-*- 
Na.[Zn(CN) J l+2Ag 

Hg 

+0.85 

Cinnabar (HgS) 

Partial thermal oxidation or 
HgS 

HgS+0»-*-Hg+SOj 

Pi 

4 1.2 

Free slate. 

Sperry 1 ile (PiAsi) 

Thermal decomposition of 
(NH,).PtCl, 

(NH,) 1 PtCi,-»-Pi + 

2NH,Cl+3Ci l . 

Au 

+ lb 

Free stale 

Cyanide process 

4 Au+8 KCN + 2 HjO+Ol 
-► 4 K[Au(CN).l+4 KOH 
2KiAu(CN).l+Zn-> 
K»LZn(CN) l l+2Au 


13 3 REFINING OF METALS 


The metals obtained from the ores £. ? often associated with various impurities 
The presence of impurities changes the physically useful properties of the metals 
The process of purifying a metal is termed refining. Some of the methods used in 
the refining of metals are discussed here 

(i) Liquation : The method already described under methods for the concentra 
tion of ores (Sec. 13.2) can also be used as a method for refining metals of low mel¬ 
ting points- Crude tin obtained from reduction of tinstone may contain some inso¬ 
luble and non-metallic.impurities. By heating such tip (m.p.=505K) on the sloping 
floor of a furnance purer molten tin flows down, leaving the impurities behind 

(ii) Cupeilatbn : This is a method,employed to purify silver containing lead as an 
impurity. The impure silver is hfcated in a shadow vessel made of bone-ash under a 
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blast of air. The lead is easily oxidized tc powde.y lead monoxide Most of it is 
carried away by the blast of air The rest melts and is absorbed by lhe bone ash 
cupel. Pure silver is left behind. Silver t self is not Oxidized under these conditions 

Poling ' This is a method for removing impurities of reducible oxides from the 
respective metals. Blister copper contains a little cuprous oxide This is removed 
by stirring the molten blister copper with green poles of wood. The gfcscs escaping 
from wood act as reducing agents They reduce the oxide to the metal. To prevent 
re-oxidation by air, the surface of the molten copper is’covered with a layer of pow¬ 
dered charcoal. 

(iv) Electrolytic refining : This is a very convenient method for refining many 
impure metals. Blocks of impure ifietal form lue anode and thin sheets or wires of the 
pure metal form the ca'hode A solution of a salt of the metal serves as the electro¬ 
lyte. On passing an electric current through the electrolyte, the pure metal is depo¬ 
sited on the cathode from the electrolyte. At the same time more ions of the metal 
enter the electrolyte by oxidation of the anode. The impurities present in the auodc 
either ibSSolve in the electrolyte or collect as a muddy deposit (anode mud) below 
the anode.' Thus in the electrolytic refining of copper, impurities of iron and zinc 
are dissolved in the electrolyte (Why are they not deposited on the cathode along 
with copper ?) and whuc gold, platinum and silver are left behind as anode mud 
(Fig. 13 7) 



(v) Zone refining . This is a method developed for preparing h.ghly pure metals 
It is bated on the principle that an impure molten meiai on solidification will deposit 
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trypfaIt of rhe pure meial and ihe impurities will slay behind in the molten part of 

the metal The impure metal is taken in the form of a rod. A narrow region is 
melted at one end The mollen region is progressively transferred from one end of 
the rod to the other by slowly moving the source of heat. Impurities collect in the 
molten pari and are progi essively swept to one end of the metal. The process can 
be repeated Pure germanium is obtained by this method (When will this method 
fail ?). 

(vi) Van Arktl method This is also a method for getting ulira-pure metals. 
The principle involved is to convert the metal to a volatile unstable compound and 
to subsequently decompose it to give the pure metal. The impurities present 
should be such as not to be affected. Metals like titanium, zirconium, etc. are 
purified by using this method. 

13.4 HOCKS AND MINERALS 


The individual portions of the earth’s crust are made up of mixtures of minerals. 

I hese portions are referred to as rocks. 

Rocks are generally classified into three types. 

(l) Igneous rocks Well within the earth, there would be molten material called 
magma y pressure changes , liquid magma is forced higher up into the crust 

nrr- so,i<iiiv i,er ° r ' ,eacbinE » f «■' The 

d,r “' ly from llle are termed Igwu, rock,, 

rocks ' ffllCa a " magnetlte are sotne of minerals associated with igneous 


rod? Ss ^‘ mentar J or secondary rocks : These rocks are derived from pre-existing 

art,on Th ear er r ° cks are bf0ken doWn by frost > raijQ ’ wind > rivers OT by sea 

sited elsewherT^? ^ 316 m ° Ved from their pldces of origiE and depot 

Intalv rtl?' aS “ d, “ Cnt, ‘ T b ese become firm with lapse of time and form sedi- 

matenals and^h d ,mentary rocks are also produced by accumulation of organic 

siliceous deposits coTJtc ^ ° f S<!aS ' D ° lomite ’ ^ de P° sits ’ limestone, 
V , coal, etc, constitute sedimentary rocks, 

brought ^:T: rocks ' Such rocfcs resuit from changes in pre-existent rocks 
.fuTfh ab ° UI changes of pressure ,„d tempera,a™. Under ,h. new nr«»u,«s 

- , ™ 1>e, “ , "" s ,he original malerials are not stable. So they change into mo di- 
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13.5 MINERAL WEALTH OF INDIA 

All minerals and mineral products are derived from rocks. Minerals are indis¬ 
pensable in the life of man. The mineral wealth of a country is a measure of its 
prosperity. Fortunately, our country is quite rich in a variety of minerals. 

There is an uneven territorial distribution of the mineral wealth in India. The 
alluvial plain of Northern Italia are practically devoid of economically useful mine¬ 
rals. Bihar and Orrissa have large deposits of ores of iron, manganese, copper, 
thorium, uranium, aluminium, chromium, besides deposits of coal, mica, sillimanite 
and phosphates. Neat to Bihar and Orissa comes Madhya Pradesh with good re¬ 
serves of iron and manganese ores, limestone, bauxite and coal. Tamil Nadu had 
sizable deposits of iron and manganese ores, magnesite, mica, limestone and lignite. 
Karnataka besides having a monopoly of supplying gold, has iron and chrome ores. 
Andhra Pradesh has good reserves of second quality coal. Kerala leads in the 
matter of mineral sands of strategic importance like the monazite and the ilmenite 
besides rutile and garnet. Rajasthan is rich in non-ferrous metals like copper, lead 
and zinc besides uranium, mica, beryllium. Precious stones like aquamarine and 
emerald are also mined in Rajasthan. Gujarat, Assam, and Maharashtra are rich in 
petroleum- Coal is the main mineral from West Bengal Kashmir has deposits of 
coal and aluminium ore. Sikkim has magnesite deposits and atso copper and iron 
ores. 


EXERCISES 


13.1 Define the following term : 


(a) Mineral 

(b) Ore 

(c) Gaague 

(d) .Flux 


(«) Slag 

(f) Calcination 

(g) Roaiting 

(h) Smelting 


13-2 What is ore dressing ? What are the methods employed in ore dressing ? 
t 3.3 ZnO can be reduced to the metal by beat mg with carbon but not Cr.O,. Why is it so ? 

13 4 What is electrolytic refining 7 

13 5 Explain the principles involved ia obtaining (•) aluminium from bauxite, and iiij coppe 
from copper pyrites. 
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13-6 What is cupellation 1 
13-7 What is Van-Arkel method ? 

13-8 How are rocks class tied ? Give examples 
13 9 What Is zone refining n 

13-10 Explain : 

(i) Forth floatation, and 

(ii) Cyanide process 

13.11 How may impurities be removed in the following cases . 

(t) Ap impurity of CuiO in copper metal, 

(n) An impurity of carbon in iron, 

(tii) An impurity of copper in silver, 

(tv) An impurity of platinum in copper, and 

(v) An impurity of insoluble sand and other particles tn liquid mercury 
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Transition or d -Block Elements 


The element like hydrogen, the alkali and alkaline earth metals, and the elements 
of boron, carbon, nitrogen, oxygen and fluorine Emilies and the rare or noble gases 
of zero group elements are together known as the Major or Representative 
elements of the Periodic Table Some of thefn belong to the i-block and the others 
to the p-block of elements This grouping follows from the last or characterizing 
electron of the element entering an s or a p-orbital of outer most energy shell The 
elements to be discussed in the present Unit will be those in which the characterizing 
or distinguishing electron of the elements will be filling up a (/-orbital with principal 
quantum number one less than the s-orbitul already filled- Table 14,1 shows the 
three complete series of W-block elements and actinium which is at the beginning of 
the fourth series., A few of the elements in this series have been made in the labora¬ 
tory but they have noi been fully characterized and hence are not shown here 

All elements of rf-block aie metals. They include the most coveted metals, the 
gold and the other precious metals, like stiver and platinum Copper is industrially 
important and ir^n is extremely important for the structural strength and found in 
abundance. The wonder metal of our times, titanium, is also here. 

A look at Table 14.1 shows fhat a number of elements have anomalous electro¬ 
nic configurations They belie the simple electron filling rules. This is so because 
in these elements with larger atomic energy shells the orbjtal energies of the ns and 
(n-1) d orbitals become tob close together to be governed by the simple generaliza¬ 
tions alone 

14.1 DEFINITION AND ELECTRONIC CONFIGURATIONS 

The transition in properties and from basic to acidic behaviour of oxides in a 
period, is well marked in case of s and n-elements of the period as is observed for 
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TABLE 14-1 
//-Block Elements 


21 Sc 

lArl 

-tl'ld' 

22 Ti 

4j’Jd* 

23 V 

24 Cr‘ 

4s'3d‘ 

25 Mu 

4s'3d* 

26 Ft 

4s'3d* 

a 

28 Ni 

29 Cu* 

ds'Sd" 

- - ’ T “ 

30 'tie, 

ds^M" i 

39 V 

40 Zr 

41 Nb* 


m 

44 Ru* 

45 Rh* 

46 Pd* 

4/Ag- 

i 

4© C<3 \ 

iKri 



■ 






1 

tsMd’ 

sw 

Ss'dd 1 

n 

PI 

5s'4d' 

5i’4d* 

5»,°4d“ 

Sa'dd** 

iW 5 

57 1 a 

72 Hf 

73 Ta 

74 W 

75 Re 

76 Os 

77 Ir 

78 Pt* 

79 All* 

80 Hg 

1 Xe) 










6s\5d’ 

6s'5d' 

6s , 5d l 

fis*5d* 

6s*5d* 

6s"5d‘ 

6a‘5d’ 

6s‘5d* 

ee'Sd 1 * 

<S*»5d'* 

P9 A. 

104 

105 

106 

107 

108 

109 

110 

111 

112 j 

[Rn] 










7»%d' 



_ 
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’•‘Anomalous configurations. 

All elements in a row have a core electronic configurations of the noble gas shown for 
the first element in the row 


the LI and Na periods It is because the energies of ihes-and p-orbitals are marlced'Y 
different, In the case of d-orbuals not only are the energies very closely similar 
for the rf-orbitals of the same shell but also they are similar to the energies of the 
t-and p-orbnals of the next higher principal quantum number. The rf-orbitals easily 
hybridize with the j-and p-orbnals of the next higher principal quantum numbers. 
The transition in properties as the d-orbitals of a shell are filling up is very gradual. 
This gradation is observed in case of the first senes of d-block elements beginning 
with scandium but becomes less marked for the other two series- Various attempts 
to find a common feature of those elements to be used as a definition for the transi¬ 
tion elements have not been quite successful, Following definition may however be 
considered as one of the possibles 

Transition metals ore those elements, at least one of whose simple ions has an 
incomplete outer shell of d-ilei Irons containing between 1 and 9 electrons, 

This definition is also not withoui exceptions- 

That some of the electronic configurations shown in Table 14.1 are anomalous is 
due to simple rules for electron filling being not quite enough-. These configura¬ 
tions are based on experimental evidence of atoms and can change during formation 
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of ion* and molecules. The 10 columns or groups amongst the rf-block elements are 
due to there being five d-orbitals in energy shells and each of these orbitals can 
accomodate two electrons. 

14 2 GENERAL CHARACTERISTIC PROPERTIES 

(i) Similarities in properties : The 4-block dements show some horizontal simi¬ 
larity in properties in contiast to the elements of s-and p-blocks. They show vertical 
group similarities like the other elements. 

(ii) Metallic character : They are all metals. They show a gradual decrease in 
electropositive character upto the elements m the coppe; group. Zinc group ele 
ments are distinctly more reactive. In general these metals exhibit even less reac¬ 
tivity than they are expected to According to their electrode potentials they should 
displace hydrogen from acids but they do not do so. It is because of their surfaces 
being covered with insoluble, relatively inert and sticking oxides. Chromium is a 
Very important corrosion resisting metal. 

(iii) Variable valency : They show in general variable oxidation states These 
multiple oxidation states of an element differ by units of one (Table 14.2). Some 
p-block elements also show multiple oxidation states but they differ usually by units 
of two. Zero and negative oxidation states are possible only in complexes. 

TABLE 14Z 

Some Properties of First Row 4-block Elements 


Ele¬ 

ment 

Elestro- 

nic con¬ 
figura¬ 
tions 
(Ar3d*~ 
*») 

Number 
of unpai¬ 
red d-elec- 
tronft- 

total M- 
electrons 

Den- 

slty 

(glens’) 

Atomic 

radius 

o 

(A) 

Melting 

point 

(K) 

Boiling 

point 

(K) 

First 

ioniia- 

twn 

energies 

kJ mol 

kle dro¬ 
ll tg ca¬ 
vities 

{Pa.il- 

ings) 

Stable 

oxidation 

states 

Sc 

d l s* 

3 

3.01 

1-.64 

1812 

3003 

633 

1.30 

3 

Ti 

dV 

4 

451 

1.47 

1941 

3533 

659 

1.40 

4,3 

V 

dV 

5 

6,10 

1.35 

2173 

3723 

650 

1 60 

5,4,3 

Cr 

dV 

6 

7.19 

1.30 

2148 

2753 

653 

188 

6,3,2, 

Mn 

d*s* 

7 

7.43 

1.35 

1518 

2370 

713 

2.07 

7,4,2 

Fe 

dV 

6 

7.86 

1.26 

1809 

3273 

762 

210 

3.2,0 

Co 

dV 

5 

8.90 

1.25 

1768 

3173 

759 

2.10 

3,2,0 

Ni 

d*s* 

4 

8.90 

125 

1726 

3303 

736 

2.10 

2,0 

Cu 

d‘*s' 

3 

8u92 

1.28 

1356 

2868 

745 

260 


Zn 

d‘V 

2 

7.14 

137 

692 

1180 

906 

284 

2 
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(w) Gradation in properties : The effect of adding an electron to no inner shell 
orbital is not so well marked at for such addition to an outer J-or p-orbttal. This 
i shown by a rather gradual decrease in atomic radii, and a slow increase in first 
ionization energies and electronegativities. The melting and boiling points also 
change but not so regularly (Table 14.2). 

(v) Catalytic activity : These elements and some of their compounds show cata¬ 
lytic activity it is mostly attributed to the elements easily passing from one. valence 
state to another. Iron, nickel and platinum are important metallic catalysts. Vana¬ 
dium pentoside a used in the contact process for making sulphuric acid. 

Decomposition of bleaching powder is catalysed by cobalt salta in aqueous solutions. 
Co*+ + OCT b HsO —s Co** + Cl + 20H- 
2Co»* H- 20H" —* 2Co** + i 0| + H*0 

(vi) Complex tea forma Hon : d-block elements easily foim complex ions and 
molecules due to the presence of empty and partially filled orbitals. The empty 
d-orbilals can hybridise with sand p- orbitals* of next higher' shell and m turn 
result into complex formation. Coordination .complexes with structures like 

lFe(CN),r, IFe(CN)sp-. [Cu (NH a ) 4 ]*- 


(AglNHa),!*. Ni (COk 


CH, — NHj NHj— CH* 

! X 

CH,-NH, NH* 


— c»*s 

i — CH* 


Letc. arr 


quite common.- Complexes are chemical combinations in which a central atom 
(usually -a metal) or ion is surrounded by a number of other molecules or ions which 
are already formed in a normal way. The surrounding ions or molecules are called 
hgamb. The attachment of ligands to the central atom is by co-ordinate bonds. 
The number of attached ligands is called the coordination monger (abbreviated to 
C.N.) of the central ion in a particular combination. The complex ions dissociate 
to a lesser or greater extent into the component units. If a central atom is attached 
to a ligand at only one point, such ligand is called monodentate Thu* CN~ NH 

,,ve cxa T\ of monodeQute ^ 

(NHj-CHr-CHj-NHj) can attach on both ammo groups to a single Cu*+ ion This 
is a bidentate ligand. Ter-, quadn-and some higher order ligands are also known 
The capacity of a multidentate l.gand to surround a central ion by catching it at more 
thanone pents » called chela,ion and the complexes so formed are called chelates 
ethylene diamine forms chelate complexes. 

' Ttlt dements may not only , lke 

of unall size in the vacant spaces ui their lattices but even bond with thorn lo fonn 
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hard and rigid structures, Thus steel and cast iron are hard because of interstitial 
compound formation with carbon. Interstitial presence of other atoms in a metal 
obstructs the sliding of atoms in the metal and the properties of malleability and 
ductibility are lost to a lesser or greater extent. At the same time tenacity of the 
metal increases. 

(viii) Alloy formations . Since d -block elements are quite similar in atomic .sizes, 
they can mutually substitute one another in crystal lattices This gives solid solu¬ 
tions and smooth alloys. Such alloys are hard and yet workable and have often 
higher melting points. Chromium, vanadium, molybdenum, tungsten and manga¬ 
nese steels and the stainless steel belong to this group of alloys. 

(ix) Formation of coloured ions : Compounds containing unpaired electrons 
usually absorb light in the visible range and are thus coloured. Table 14.3 gives re¬ 
lationships between absorbed and emitted (observed) colours. These are pairs of 
complimentary colours*. Colours of some pormal complexes are given in Table 14.4. 

TABLE 14.3 

' Observed and Absorbed Colours of Substances 


Absorbed Colour 


Observed Colour 


Infrared 


While 


Red 


Blue-green 


Orange 


Blue 


Yellow 


Indigo 


Yellow-green 


Violet 


Green 


Purple 


Bluc-g{ccn 


Red 


Blue 


Orange 


Indigo 


Yellow 


Violet 


Yellow-green 


Ultraviolet 


white 



TABLE 14.4 



Colours of Some Complexes 



[C0<H,O),}” 


Pink 


[Cr(H.O),] ,+ 


Violet 


[Cu(HsO)i] ,+ 


Light blue 


[Cu(H,0), (NH,),] ,+ 


Dark blue 


lFe(CN),]‘- 


Yellow 


[Fe(CN)«]*- 


Orange-red 


[Ni(HiO).] 4 * 


Green 


[Ni(NH,)«] ,+ 


Blue 



Two colours are said to be complimentary if lights of these colours mix together to give white light. 
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(x) Paramagnetism in d-block elements : Ions, atoms and molecules which have 
unpaired'electrons in their orbitals make the concerned substances paramagnetic. 
Such substances weigh more when a magnetic field is applied to them. Paramagne¬ 
tism is quite common in elements and compounds of d-block elements. Paramagne¬ 
tism increases as the number of unpaired electrons increases in the constituent parti¬ 
cles of a substance. Table 14.5 gives the magnetic moments of some of the ionic 
species 


TABLE 14.5 

Magnetic Moments of Some Ionic Species 


Ion 

Electronic 

configuration 

Number of 
unpaired 
electrons 

Magnetic moment , H 
( Bohr Magneton ) 

T ,*r 

d’s° 

1 


V ,+ 

dV 

1 

2.75 

Cr ,+ 

dV 

3 

3.80 

Mn* + 

ay 

5 

5.85 

Fe* + 

dV 

4 

5-10 

Ee ,+ 

d*s 0 

5 

5.85 

Cu + 

d”s° 

0 

00 

cu*r 

dV 

1 

1.95 

Zn* + 

4‘V 

0 

0.0 


(xi) Isomerism : Some of the compounds of d-block elements show geometrical 
and optical isomerism. • We will learn about these isomerisms in Unit 16 of organic 
portion. However, it is not possible to say more about isomerism in inorganic com¬ 
pounds in the present course. 

14.3 RULES FOR NOMENCLATURE OP COMPLEXES 

(1) Non-ionic complexes are given a one word name. In ionic complexes, cations and the 
anions are named separately; the cation firm and then the anion. 

(21 Neutral ligands are named as the molecules. Negative ionic Uganda having « at the 
end of their names a re changed to o. Names of positive ionic ligands end in -turn. How - 
over, some ligands keep their conventional names, even though violating the rule. Exa¬ 
mples of ligand names are : 

H«0, aquo; NH,. ammine; CO, carbonyl; 

NO, nhroayU 

HH* CH. CHt NHs, ethylene diamine. 

F“, fluoro; 
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Cl", chlorp—; 

Br - , bromo—; 

OH - , hydroxo, 

CN“, cyano; 

CtOi~, oxaiato; 

NCS~, thiocyanate 

[NHi - NH,] + , hydrazinium 

(3) The ligands in a complex are named first and in the order, anionic ligands, neutral 
ligands and cationic ligands. The names run together as one word Within each 
group of ligands, they are written in an order of increasing complexity. The number or 
identical ligands is shown by prefixes di-, tn., tetra-, etc., for simple insubstituted 
ligands and by bis-, tris , tetrakiS, etc , for substituted complex ligands The name of 
the central atom in a complex is given after and m continuation with the names of 
ligands and its oxidation state, if any, is indicated immediately after in brackets by a 
Roman numeral- The name of the central atom is kept unchanged if ihe complex is a 
cation or a neutral molecule. If the complex is an anion, the name of 'he central atom 
is followed by the suffix, -a/e- 


EXAMPLES 

Ki[Fe(CN)i] 

K*[Cu(CN),l 

KIAg(CN).] 

KnIHgCU 

[Pt(NH,),(NO,)Cl«] BA 
[{(C.H,),P},RM Cl 
[Cu(HiO)t(NH«)dSOi 


Potassium Aexacyanoferrare (III) 
cation anion 

Potassium hexacvanocuprate (H) 

Potassium dicyanoargenta/e (I) 

Patassium fefrachlor«nefcurn/e(Il) 

Dichloromtrotriammmeplatinum (IV) bromide 
cation union 

Tris (rriphenyl phosphine) rhodium 11) chloride 
cation anion 

Zhaquotetraabimine copper., 11 HuIphate 


14.4 APPLICATION OF COMPLEX FORMATION 

Complexes and complex formation methods have been found useful in a number 

of ways. Some of these are briefly described here 

(0 Dyeing : Mordants are insoluble substances which are unifcumly deposited in 
the fibres to be dyed. These can tnen attach to the molecules of dyes by complex 
formation and help in fixing the dye to the fibres in a stable form Notable m.?r 

dants are Fe(OH )3 and A1 (OH) 3 . 

(ii) Control of ton concentration Availability of a dissolved dear* yte in a non¬ 
ionic state can be conveniently arranged through complex formation Thus in the 

electroplating baths large amount of silver is held as K[Ag(CN) 2 ] which provides 



very little Ag + ions as such but can provide all the silver for electroplating. The 
ionization of [AgfCN)*]' to give Ag+ and CN" ions is very low. 

During qualitative and quantitative analysis, concentrations of certain ions can 
be so reduced as not to respond to addition of a reagent. The non-complexing ions 
or less complexing ions can then be detected and estimated. This application is 
called the masking of ions. 

K.CN is used as a masking agent for Cu ,+ ions when testing for Cd* + ions. Cu* + 
10 .is form tricyanocuprate (I) ions, [Cu(CN)*]*", which ionize less than the tetracya- 
no cadmiate (II), [Cd(CN) 4 l* - ions. 

Polyphosphates can keep Ca i+ ions of hard water in dissolved state and prevent 
s£ale formation in boilers. EDTA salt (sodium ethylenediamineretraacetate) is 
used in complexometric titrations. Dnqethyl glyoxime is used for estimating nickel 
as an insoluble complex. 

14.5 METALS OF SCANDIUM, TITANIUM AND VANADIUM GROUPS 

Titanium (Ti) and zirconium (Zr) are the most abundant metals of this group 
Titanium is important for making light weight stable alloys. They have high tensile 
strengths Ti0 2 and ZrO z are used as extra white hard paint pigments. TiCl* is , 
liquid boiling around 409K. Its vapour reacts with moisture to form TiOa and HC1 
This titanium tetrachloride is used for producing dense white smoke screens and for 
making writings in the sky- 

14 6 METALS OF CHROMIUM AND MANGANESE GROUPS 

Chromium (Cr) and manganese (Mn) are the most important metals of their 
respective groups. Molybdenum (Mo) and tungston (W) are other useful metals 
of chromium group. Tungsten is used for making filaments of electric bulbs as it 
can be heated to white heat without evaporation or losing shape. Molybdenum is 
used as a catalyst in the Haber’s process for manufacturing ammonia. Technetium 
( I c) docs not occur in naiure Chromium is avilable m nough quantities for large 
scale electroplating or chrome plating of other metals, It provides a scratch resisting, 
non-rusting highly shining protective coating. Chromium and manganese are useful 
tn making useful alloy steels Either or both of them may be used for making stain¬ 
less steel 

Chromium and manganese compounds are important in several oxidation^-reduc¬ 
tion systems. 

14.6.1 CHROMIUM COMPOUNDS 

Most of these compounds are coloured) The gets hs name 


on «&» 
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account (Greek chroma means colour). Most important chromium compound is 
potassium dichromate, K 2 Cr 2 07 . It has orange-red crystals. It is made by mixing hot 
saturated solutions of sodium dichromate and potassium chloride in equimoleculat 
proportions. 

NajCrjO, -f 2KC1-► IC^CrtO, + 2NaCl 

Sodium chloride being the least soluble of these substances separates and is filtered 
off On cooling, crystals of K 2 Cr 2 07 are formed. Some of its important reactions 
are: 

heat 

K 2 Cr 2 0 7 + 4NaCI +■ 6H 2 S0 4 -►IK.HSO* + 4NaHS0 4 + 3H 2 0+2Cr0 2 Cl 2 

This reaction is used as a test for chlorides due to easily recognised red vapour of 
chromyl chloride, CrOjCI* 

KiCrjO? -f 4H*S0 4 -►K,S0 4 +Cr 2 (S0 4 ) s + 4H 2 0 + 3(0] 

The oxygen available in acidified solutions can be used for various oxidation reac¬ 
tions. A few examples are cited below. 

With Iodides 

2HI + [O]-► H a O -(- I 2 

With ferrous salts 

2FeS0 4 + H*SO* + [O]-► Fei(S0 4 )8 + H,0 

or 2Fe** + [O] + 2H + -►2Fe 3+ +HtO 

With sulphites : SOa^+fO]-►SOs*' 

With sulphides : S*~-HO] + 2H+- *H t O + S 

In alkaline solutions dichromate ions are converted to chromate ions 

Cr 2 07 *"-i- 20 H _ -►2CrO 4 B- -f-H 2 0 

Acidification reverses this reaction. 

2Cr0 4 »-+2H+-►Cr 2 0 7 * - + H a 0 

In solution, dichromate lots react with water to give a small concentration oi 
chromate ions : 

Cr 2 0 7 *~+H|0-►2Cr0 4 »“+2H + 
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Ammonium dichromate when initially heated undergoes an exothermic decompo¬ 
sition with sparks t,Fig, 14 1). This reaction is known as chemical volcano. 
(NH 4 ) 2 Cr 2 0 7 —+Cr 2 0 3 -f 4H 2 0 -f- N 2 -F heat 
green light 
powder 

Formation .'l nitrogen provides the eruption effect 



14.6 2 MANGANESE COMPOUNDS 


Uses 

Potassium dichromate is, a very useful 
titrant for estimating ferrous compounds, 
Ipdides and sulphites.'It is the starting material 
for making other chromium compounds like 
chrome alum, K 2 S0 4 .Cr 2 (S0 4 ) 3 .24 H 2 0. It is 
used in photography for hardening gelatine film 
and m* dyeing for provid : ng Cr(OH) 3 as 
mordant. 

The cleansing mixture used in laboratories 
for cleaning glassware consists of concentrated 
sulphuric acid and some crystals of K 2 Cr 2 0 7 . 
It acts slowly and oxidizes'greasy substances. It 
loses its effectiveness when the acid gets diluted. 


The most stable valence state of manganese is -f-2 Hydrated Mn® + ions impart 
a light pink colour to the salts. From point of view of usefulness and commercial 
value, the most important manganese compound is potassium permanganate. Pyrolu- 
site Is the mineral form of Mn0 2 It is fused with KOH in air to form green 
potassium manganate, K 2 Mn0 4 

heat 

2Mn0 2 +4KOH + 0 2 -►2K J Mn0 4 -f- 2H 2 0 

Potassium manganate is oxidized electrolytically or by passing ozone into solution, 

Mn0 4 2 "—*Mn<V ,+ e" (anode reaction) 

green purple 

2Mn0 4 ®-+ 0 3 f H 2 0->2Mn0 4 - + 20H" + O s 


When the solution is concentrated by evaporation, KMn0 4 crystallizes. 

Oxidation of Mn ,+ ions is carried out quickly and quantitatively to Mn0 4 " by 
warming with sodium bismuthate in excess of hitnc acid : 

2Mn*++5NaBiO s 4- 14H-—>2Mn0 4 " + 5Na + 5Bi»+ + 7HjO 
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Permanganate ion is almost the best oxidizing agent. It oxidizes H 2 S, S0 2; sulphites, 
thiosulphates, nitrites, iodides, bromides, chlorides and ferrous salts 

In acid media the reaction on adding a reducing agent is : 

Mn0 4 -+8H+ + 5e"-+ 4H 2 0 

or 2KMn0 4 =K 2 0 + 2Mn0 + 5 [O] 

In alkaline media, Mn0 2 is formed from KMn0 4 when a reducing agent is added 
2KMn0 4 =K a O + 2Mn0 2 + 3(0] 
cr M11O4- + 4H + + 3e~-»Mn0 2 + 2H 2 0 

In neutral aqueous solutions also a similar change takes place when a reducing agent 
is added. Its action on oxalic acid or oxalate solutioris acidified'with dilute H 2 S0 4 
is autocatalyzed by Mn 2+ ious . 

H 2 C 2 0 4 -f [O]-►H 2 0-f-2C0 2 

Permanganate solution in water decomposes slowly on exposure to light depositing 
brown Mn0 2 . 

light 

4Mn(V + 4H+-* 4Mn0 2 +302 + 2H 2 0 

(from water) 

[n concentrated alkalies permanganate gives manganate, Mn0 2 and oxygen. 

2K Mn0 4 -► K 2 MnO 4 +Mn0 2 +0 2 

With concentrated sulphuric acid, it gives covalent, highly explosive green oily 
Mn 2 0 2 . (This reaction is extremely dangerous and should not be attempted) On 
heating to 523K potassium permangnate decomposes to pbtassium manganate, 
MnO* and Oj. 

Uses 

It is used as an oxidizing agent m the laboratory and m the industry It is a 
convenient volumetric oxidant for estimating ferrous salts, oxalates and other reducing 
agents It is used for disinfecting well water. 

14 7 METALS OF GROUP VIII (IRON GROUP) 

Metals of this group form three triads Several important metals belong to this 
group Some of these are iron (Fe), cobalt (Co), nickel (Ni) We also know of 
platinum (Pt) as a noble metal and as an important catalyst. Palladium is now 
becoming better known for white jewellery A thin plating of palladium on silver 
articles prevents the tarnishing of silver Palladium is not affected by atmospheric 
H 2 S. 

Like gold, platinum dissolves in aqua regia to form HjPtClg Without complex 
formation the metal may not be attacked by the oxyacids. 
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Here we shall restrict ourselves to (he study of some of the important facts about 
iron Chemical changes occurring in the extraction of iron metal from oxide ore has 
been described in Unit 13 
14.7-1 IRON AND STF.1L 

Iron obtained from the blast furnace contains about 5 per cent carbon. It is 
called pig iron It is also called cast iron as it gives good castings. Cast iron expands 
slightly on cooling Cast iron is resistant to corrosion and is used for sewage pipes 
However, it is quite brittle and very weak for structural uses. A more useful form of 
iron is steel. Il ls an alloy of iron and carbon in which the proportion of carbon may 
vary from about 0 2 to 2.0 per cent. When the carbon content of iron falls below 0.2 
per cent, iron is regarded as almost pure It is easiest to work with this form of 
iron It is soft, malleable, easy to weld but is structurally weak and cannot be 
magnetised permanently. This pure form of iron is called wrought iron. It is used 
for making chains, wires and electromagnets. These magnets lose magnetism as soon 
as the elecii ic field is withdrawn 

For making steel from cast iron, the carbon content has to be brought down 
from about 5 per cent to between 
0 2 to 2 per cent according to the 
quality of_ steel to be made. 

The melting points of iron rises 
as its carbon content is lowered 
The carbon content can be 
decreased by burnmfi away the 
carbon The furnance used for 
this purpose is called a convertor 
(Fig 14 21 The oxygen blown 
process is the one more in use 
now. This goes by the name of 
L. D. processor Linz—Donawitz* 
process In this method a very fast 
jet of oxygen is blown on the sur¬ 
face of molten cast iron. Due to 
oxidation of impurities, the tem¬ 
perature rises to 2300 to 2800 k. 

Impurities of carbon, silicon and Hg. Id.2 LD. process or manufacturing steel (The oxygen 
manganese aie oxidized to then is introduced at high pressure into ihe open end of the up* 
respective oxides SiO> is slaggeJ ugtn convenor c-’nimn n* ihc molien iron) 

"Lit? and Donauitz are the n. mes of the towns in Austria where this process was developed and 

first used 


0 ? 
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off with lime and MnO with silica forming fusible CaSiOj and MnSiO* respectively. 
The slag floats on surface of iron. The purified iron is denser than the impure one. 
Thus purified iron sinks to the bottom and the impure iron continues to rise to the 
top. Use of oxygen, instead of air, reduces the time requirement and has been found 
to be economical in practice. 

14.7- 2 HEAT TREATMENT OF STEEL 

The hardness of steel depends on its carbon content and heat treatment. If a 
steel article is heated to redness and then suddenly cooled by plungihg into water 
or oil, the treatment is called quenching Quenched steel becomes hard and brittle. 
If the quenched steel is reheated to a predetermined temperature and kept at it for a 
predetermined nine, its mechanical properties become changed to a particular extent 
This treated steel is called tempered steel and the process is called tampering of steel. 
If steel be heated to a temperature well below red heat and is then cooled slowly, the 
process is called annealing . Annealed steel is soft 

14.7- 3 ALLOY STEELS 

If to general steel with composition of iron and carbon, some other metal is added 
to modify its properties, we get an alloy steel Most important example of alloy 
steels is the stainless steel. It is called so because it is not stained or corroded by 
atmosphere, water, mild acids or mild alkalies There are a number of varieties 
of it The most common form is the eighteen-eight s.ainless steel which has 18% 
chromium and 8% nickel and the rest steel. In India we lack nickel and are rich 
in manganese and here a stainless form of steel has been developed which has 
manganese in place of nickel Stainless steel finds Us major use for house¬ 
hold utensils,, shaving blades, watch cases, etc. Some information of this and other 
alloy steels are provided in Table 14.6. 

TABLE 14-6 
Some Alloy Steels 


Steel Special components Chief properties Uses 


Nickel 

Ni 3-5% 

Hard, flexible, rust 
resistnant 

For cables, armour platei 

Stainless 

Cr 18% 

Does not rust or 

For household utensils, 

steel 

Ni 18% 

corrode 

shaving blades, watch 

cases 

Chrome- 

Cr 1% 

Tenacious and load 

For axles, springs and 

vanadium 

steel 

V 0.15% 

bearing 

cogwheels 
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Sleet 

Special components 

Chief properties 

Uses 

Manganese 

steel 

Mn 12 to 15% 

Exttremely hard and 
high melting 

For rock cruifaer, 
burglar proof safes 

Tungsten 

W 14 to 20% 

Very hard and 

For cutting 

steel 

Cr 3 to 8% 

strong 

tools, spring 

Invar 

Ni 36% 

Extremely low expansion 
on heating 

For clock pendulums 

Alaico 

A1 12% 

Ni 20% 

Co 5% 

Highly magnetic 

For penr ar tr.t magnets 


14.7-4 COMPOUNDS OF IRON 


Iron forms two series of compounds in which iron is respectively divalent 
(ferrous) and trivalent (ferric). Besides these, iron also forms complex compounds 
based on Fe (II) and Fe (III) states with co-ordination number upto € Yet another 
group of compounds fall under the group of double salts .. 

Ferrous compounds • Ferrous sulphate, FeS0 4 , is the cheapest ferrous compound. 
It is commercially called green vitriol because of its green colour It crystallizes as 
FeS0 4 7H 2 0, It loses water of crystallization in steps to form hydrates with 5, 4 and 
1 water molecules as well as the anhydrous salt. Anhydrous salt is used in medicines 
for supplementing iron in diet. Crystals effloresce in drv air. It decomposes on 
heating. 

2FeS0 4 —» 2FeO + 2S0 3 
2FeO -f- SO 3 —■+ Fe 2 03 -f- SO 2 

Ferrous salts act as reducing agents . 

2FeS0 4 + H 2 S0 4 + [0]-» Fe 2 (S0 4 ) 3 +H 2 0 

Fe*+-*• Fe 3+ + e" 

Ferrous sulphate in a solution can be estimated by titration with acidified 
solutions of KMn0 4 or K 2 Cr 2 C >7 With NO gas, FeS0 4 solution forms a dark 
brown compound FeS0 4 .N0 This is decomposed on heating the solution. This 
reaction forms the basis of brown ring test for nitrates. To a solution of a nitrate, 
some ferrous sulphate solution is added and concentrated sulphuric acid i„ poured 
through the side of the tilted test tube. Due to its heaviness, the concentrated acid 
quickly sinks and forms a laver at the bottom. Some heat is developed at the 
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boundry between the concentrated acid and the aqueous solution This helps in the 
reduction of NOj - ions to NO 

warming 

3 Fe 2+ + N0 3 - + 4 H+-> 3 Fe 3i + NO + 2 H 2 0 

FeS 04 + NO -♦ FeS 04 NO (brown soluble compound) 

Heat 

FeSO, NO-> FeS0 4 + NO 

If the mixture is stirred, the heat of mixing' of cone. H 2 S0 4 raises the tempe¬ 
rature sufficiently to destroy the brown compound When ferrous sulphate solution 
is mixed with an acidified solution of a nitrate whole solution becomes brown. 
Nitrous acid prov.des NO in all parts of the solution without needing any warming 

Ferrous sulphate forms double salts with sulphates of monovalent cations The 
most important of these is ferrous ammonium sulphate [FeS0 4 (NH 4 ) 2 SOi 6H t O] 
or Mohr’s salt. This salt is not so readily efflorescent as FeS0 4 7H 2 0 nor is it so 
readily oxidized by air. Hence it is used for making standard solutions of ferrous 
iron by direct weighing 

Ferrous sulphate is used as cheap reducing agent, as a source of Fe (OH) 2 which 
is used as a mordant in dying and as a component of blue black inks. 

Commercially important ferric salts are ferric chloride and ferric ammonium 
sulphate The latter is known as ferric alum, Fe2(S0 4 ) 3 (NH 4 ) 2 SO.i24H 2 t) 

Anhydrous ferric chloride can be prepared by passing chlorine gas over heated iron 
wire or scrap- When volatilised its vapour is a covalent compound with the mole¬ 
cular formula, Fe 2 Clg. 

Cl Cl Cl 

/ F \ 

Cl Cl Cl 

It cannot be prepared from an aqueous solution due to easy hydrolysis of ferric 
chloride. 

In contact with water FeaClg changes to the ionic forms and gets hydrolysed. 
Hydrolysis can be completed by boiling the solution. 

HgO 

Fe a CI 8 (s)-*• 2Fe v f(aq) +6Cr(aq) 

Fea+(aq)+3H 8 0(l)-► Fe(0H).,(si+3H + ( a q) 

The aqueous solution shows acidic behaviour to litmus. 
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Ferric chloride h seed h medicines as astringent, antiseptic in the form of tincture, 
liquor and iron glycerine. It provides Fe<OH)a which is an important mordant in 
dyeing. Block makers use a concentrated solution of ferric chloride for mating 
etchings on metals like copper and silver. It is due to the oxidizing action of ferric 
ions. 

+(aq)+Cu(s)—► Fe^{aq)+Cu» + (aq) 

Fe^iaq) 4 Ag(s) —► Fe* + (aq) 4 Ag + (aq) 

Potassium ferrocyanide, K 4 {Fe(CN) 4 ]. It is a very stable complex compound. 
It reacts with feme salts to form a deep blue precipitate of ferric ferrocyanide which 
is called prussian blue. 

4Pe* + 4 3[Fe(CN)*) 4 ~-* Fe 4 [Fe(CN) 6 ] 3 

Ferric ferrocyanide 

Potassium ferrocyanide can be oxidized to potassium ferncyanide by Cl*, ozone or 
KMn0 4 

2[Fe(CN)e1‘-4 c, s—* 2[Fe(CN) # ]*-+ 2C1" 

14.7.5 PASSIVATION OF IKON 

Powerful oxidizing agents like concentrated or fuming nitric acid form a thin, 
invisible and insoluble inert film of oxide on iron and some other metals. This is 
known as passivation . Passive iron does not react with acids or displace copper 
from copper salts. The passivity may be destroyed by scratching, scrubbing or 
hammering. Cobalt, nickel and chromium can also become passive 

1*7-4 HAEMOGLOBIN 

Iron is an essential element for our bodies. However, if all the iron in a man’s 
body is separated we may get hfrrdly a few grams of it. Most of this iron is present 
in the blood as haemoglobin which serves as oxygen carrier in the body. Iron in 
oxidation state II, is co-ordinated to four nitrogen atoms at the centre of a complex 
organic molecule. Oxygen is held loosely by the iron atom (structuie of haemoglobin 
is given in Unit 20). If CO attaches to the central iron atom to form catboxy 
haemoglobin, blood loses its power of attaching oxygen and the person dies of suffo¬ 
cation. Same is true of cyanide.poisoning or death by snake bite. 
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14.8 CORROSION 

!t is a process in which useful metals are lost as compounds, generally as oxides, due 
to chemical action with environments The metal surface becomes quite rough, indi¬ 
cating a non-uniform action. In case of iron, corrosion takes tlie form of rusting 
Rust is a hydrated form of ferric oxide, Fe 2 0 3 . xH 2 0 Moisture, oxygen and carbon 
dioxide present in air, are all collectively necessary for ru.iting. Rust formation is 
heaviest where an iron object is in contact with air Thus in water tanks made of 
iron, rust foi ms mostly near the top. Rust is a non-sticking compound It peals olT 
exposing fresh iron surface for further rusting The chemical changes in rust forma¬ 
tion may be indicated in the following steos and illustrated in Fig. 14.3a. 

(i) Fe-►Fe* r +2e“ 

(ii) H + +e-->H 

(lii) 4H+0 2 -►2H a O 

(iv) 2H - >H 2 

(v) 4Fe 2+ + Oo + 4H a O—f 2Fe 2 0 3 + 8 H~ 

(vi) Fe 2 0 3 -j- xHoO -• Fe 2 0 3 . xH 2 0 

In the chain of these steps the first step will not take place unless some electron 
acceptor is available nearby H + ions from water and from a solution of carbon 
dioxide in water, thus become necessary for corrosion Oxygen is necessary for 
removal of atomic hydrogen and for oxidizing the ferrous iron to the final ferric state 

Rusting and most other corrosions are electro-chemical processes. They 
occur when a metal finds in its neighbour some species to which it can pass on its 
electrons. They are aided by impurities and strains at metal surfaces. 

14. (M PREVENTION OF CORROSION 

A number of techniques are used for preventing corjosion of metals. These may 
be illustrated by taking examples of processes used for preventing rusting of iron. 
(Fig. 14 3) (b), (c) and (d) illustrate different method of protection, 

(i) Barrier protection : A barrier film is made between iron and atmospheric air 
This can be an impenetrable film of an oil, a paint or another metal which itself is 
not corroded by air Such tifefals are chromium, nickel, tin and copper. Thus a 
housewife keeps iron’article pointed with oil: Motor cars and even big ships made 
from iron sheets are kept completely painted. Iron articles are electroplated with 
chromium and nickel not only for lustrous decoration but also for protection. If 
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there are any cracks or scratches in the protective film, rusting of iron starts and 
spreads below the film. The film peals off and the article becomes exposed. 

Air 



Fig. 14.J (a) Corrosion of iron in contact with water and air 

(ii) Sacrificial protection. In this method, iron surface is covered with a layer 
of a metal more active than iron. This prevents loss of electrons from iron The 
more active metal loses electrons preferentially and goes into ionic state The covering 
■metal gets consumed in course of time but so long as it is available, even the nearby 



FI*. 14J (b) Barrier protection with a film of tin. Film win be vtfoctive ao 
long it li intact. Rusting occurs at the exposed iron surface. 







TRANSITION OR <#-BLOCK ELEMENTS 


m 

exposed surfaces of iron do not react. Scratches in protective films of this type 
produce no ill effects. The metal most often used in this way for covering iron 
surfaces is zinc. The process of covering iron with zinc is called galvanization. 
Galvanized iron sheets maintain their lustre due to the formation of a protective 
invisible thin layer of basic zinc carbonate, ZnC 03 - Zn(OH) 2 , on the zinc film by 
moisture, oxygen and carbon dioxide in air. Zinc, magnesium nd aluminium 
powders can also be applied as protective layers, mixed with paints. 



Mg. 14.3 (<-•) Sacrificial prelection with a film of 2 int Rusting 
does not occur even when (ion surface is exposed 

(in) Electrical protection: The exposed part of iron surface in contact with 
water can also be protected by imparting a positive electrical potential to it.' This 
checks its tendency to lose electrons. Cathodes of magnesium or zinc can be fixed 
to the surface of iron or burned in subsoil water nearby. 



Fig, 14 3(d) Electrical protection of iron pipes hurried underground 
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(iv) Using anti-rust solutions: These are alkaline phosphate and alkaline 
chromate solutions. The alkaline nature of these solutions prevents availability of 
H + ions Phosphate tends to deposit u protective Insoluble sticking film of iron 
phosphate Anti-rust solutions are used in car radiators to prevent rusting of iron 
parts of engine 

74.9 METALS OF COPPER GROUP 

Metals of interest in this group are copper (Cu from cuprum), silver (Ag from 
argentum) and gold .(Au from aurjim) These are collectively known as coipage metals 
though this use has been given up by most of the countries including India. Our 
coins are now based on aluminium and nickel. All metals of copper group occur in 
nature in a free state as well as in the form of compounds. Copper is extracted from 
sulphide and oxide 'ores. Native silver is now relatively rare and most of the silver 
is obtained from silver chloride (horn silver) and silver sulphide (argentite or silver 
glance) as ores Gold is still mostly mined in native state or is recovered from anode 
mud obtained m the electro-refining of other metals like copper and nickel 
Compound form of gold found in nature is gold tellunde (AuTe 3 ). 

Metallurgies of these metals have been discussed earlier (Unit 13) 

14 9-1 PROPERTIES OF COPPER, SILVER AND GOLD 

All the three metals are less reactive than hydrogen and do not displace it from 
acids, water or alkalies. The general reactivities of these metals are in the order 
Cu>Ag>Au. Gold is sufficiently unreactive to be treated as .a noble metal. Gold 
does not react with even oxidu ng acids which can react with and dissolve copper 
and silver. 

(i) Action of air' Ordinary air has no action on any of these metals buf on 
being heated in air, copper alone reacts to form an oxide. 

below 1400K 

2 Cu+0 2 -► 2 CuO 

above 140OK 

4 Cu+Oa -* 2 CugO 

(ii) Action of water : There is bo action as such. At white heat temperature 
coppet decomposes steam. 

2 Cu + HgO y* CujO + Ha 

(iii) Action of acids ■ Hydracids in general and dilute H 1 SO 4 have no action in 
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absence of dissolved oxygen. Copper reacts with dilute H 2 S0 4 and hydracids when 
oxygen is available. 

2 Cu 4 2H 2 S0 4 + O a -► 2 CuS0 4 + 2H 2 0 

2 Cu + 4 HC1 + 0 2 -*> 2 CuCl 2 + 2H a O 

Silver and gold do not react even under these conditions. Concentrated hot 
sulphuric acid dissolves copper and silver but not gold. 

h 2 so 4 = h 2 o + so 2 4 [O] 

heat 

Cu -f- [0] 4 H 2 S0 4 - ¥ CuS0 4 +■ H a Q 

heat 

2 Ag 4 [O] 4- H 2 *SO--*■ Ag 2 S0 4 4 H a 0 

Dilute nitric acid feacts with copper and silver to give nitric oxide and the concen¬ 
trated nitric acid reacts giving nitrogen dioxide. Gold dissolves in aqua regia 
13HC14HN0 3 ). 

2HN0 3 (dilute) = H 2 0 4- 2NO 4- 3 [O] 

2HN0 3 (cone.) = H a O + 2N0 2 4 10] 

Cu 4- [O] 4- 2HNO a —t Cu (NOa) a + H a 0 
2 Ag 4 [O] 4- 2HNO s —> 2 AgNOa 4- HtO 
3HC1 4 HN0 3 = NOC1 4- 2H a 0 + 2C1 

Au 4 - 30- *■ AuCl 3 

Au 4- 30 4- HC1 —>• HAuC-1 4 

(iv) Action of alkalies : Alkalies do not react with these metals and may be 
fused in crucibles made of copper, silyer or gold. 

(v) Action of hydrogen sulphide Hydrogen sulphide as such or its traces present 
in air or sulphur containing foods can react with copper and silver to form the 
respective sulphides. This action by HjS' is induced by the greater stability of the 
sulphides of metals than of hydrogen sulphide 

(vi) Displacement reactions Copper can displace silver and gold from solutions 
of their salts. Silver can displace gold, but gold being the least reactive does not 
take part in displacement reactions. (A photograph takes up colour of gold when 
treated with a solution of gold chloride but it does not change its colour when dipped 
into a solution of copper chloride. Explain?). 

(vii) Action of ammonia * Copper dissolves in an aqueous solution of ammonia 
in presence of air forming a deep blue coloured solution. 

2Cu+ 8 NH a 4- 2H a + 0 2 -* 2 {Cu (NH S ) 4 ] 2+ (OH”)* 

Silver and gold remain unaffected. 
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(viii) Action of ozone • Ozone oxidizes copper and silver surfaces but does not 
tarnish gold 

Cu + 0 3 -► CuO + O* 

2Ag + O 3 - * AgaO + O 2 

Ag 20 + O 3 -—* 2Ag -(- 2 O 2 
(black) 

20s + (Au)-► 302 + (Au) 

14.9-2 USES OF COPPER GROUP METALS 

Copper is mainly used in electrical unit# as wire. This due to good electrical 
conductance of pure copper. Copper forms important alloys (Table 14.7) which are 
hard, tenacious, corrosion resistant, gold-like in colour and good conductors of heat. 
Copper is used for covering more active metals as copper gets covered with a sticky 
thin layer of an oxide which prevent* further damage by weather conditions. 

TABLE 14.7 
AUejn af Ceppar 


Alloy 

Percentages of 
component* 

Uu 

Braia 

Cu = 60 

Zn --= 40 

Utensils and cartridge caps 

Bronze 

Cu = 90 

Sn = 10 

Control vahes, statues 

Aluminium bronze 

Cu - 90 

A1 = JO 

GoMeo powder for paints, cheap jewellery 

Phosphor bronze 

Cu = 9J 

Sn - 4* 

P =» 0.2 

Springs and suspension filaments in electrical 
instruments 

Ball metal 

Cu - M 

Sn - 20 

Bells 

Gun metal 

Cu - II 

Sn = 10 

Zn = 2 

Gears and bearings 

Gentian silver 

Cu - 23—SO 

Zn - 23—13 

Ni ■» 10-33 

Utensils, resistance wire 
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Silver is used in jewellery and as wealth It is used for sparking plugs as it docs not 
get oxidized on being heated in air Silver salts are used in photography and in 
electroplating with silver 

The mainfuse of gold is as an article of wealth and m jewellery Gold suspensions 
are used in galvanometers as it can be drawn into very fine wires and is a very good 
conductor of electricity. From long time past gold foil has been used for covering 
temple domes as gold is not corroded by atmospheric conditions 

Gold is sold as stamped pieces called gold biscuits. Purity of gold is quoted on 
the carat scale Pure gold is 24 carat. 22 carat gold often used for jewellery in India 
is 22 parts gold and 2 parts the alloying metal* silver or copper 

14.10 COMPOUNDS OF COPPER 

Copper forms two series of compounds with oxidation states +1 anu 2 cuprous 
and cupric respectively Cuprous compounds are stable only when insoluble Cup¬ 
rous ions in solution readily disproportionate to copper and cupric ions 

2 Cu+ -► Cu + Cu 8r 

Cuprous compounds can be stabilized by complex formation with high concentrations 
of halides, cyanides and ammonia 

CuCl + 3 cr -► j'CuCU] 3- 

CuCN + ON" -► [Cu(CN) 2 ]- 

CuCl +2NH, -► [Cu(NH 3 ) 2 ]CI 

Cuprous iodide is precipitated when an iodide solution is mixed with a solution of 
cupric salt (e g. copper sulphate).. 

2 Cu 2f + 4 I - -2 Cul -f- I a 

The liberation of iodine is quantitative and can be used for estimating cupric salt in a 
solution. 

The most common compound of copper is copper sulphate It is known commer¬ 
cially as blue vitriol (CuS0 4 . 5 H 2 0). The penta hydrate crystals are quite s.able 
but they effloresce in very dry air. These crystals on dehydration give CuS0 4 3H 2 0, 
CuS 04 .H 2 0 and the anhydrous CuS0 4 . The anhydrous copper sulphate is white 
in colour. It is used as a sensitive test for moisture in contact with which it turns 
blue. On strong heating copper sulphate decomposes. 

heat 


CuS0 4 


CuO + S0 3 
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In aqueous solutions cupric ions give a blue colour due to [Cu(H 20 ) 4 p + ions. 
The deep blue colour given by cupric salt solution with ammonia is due to the 
formation of [Cu(NH 3 ) 4 ] 2+ ions ' 

Verdigris is basic copper acetate Cu(CH 3 COO) 2 .Cu(OH) 2 . The fungicide, 
Bordeaux mixture , is a mixture of copper sulphate and milk of lime 

14.11 COMPOUNDS OF SILVER 

Most common compound of silver is silver nitrate (AgNOj). It is also sometimes 
called lunar caustic. It is obtained as a by-product from gold refineries where impure 
gold is purified by the parting process. Even impure gold does not react with nitric 
acid. It is first melted with silver and then the gold-silver alloy is heated with nitric 
acid in aluminium vessels. Silver and other impurities like copper are dissolved 
leaving behind gold in a finely divided state. The powder is melted to get buttons 
of gold. In this form gold is commercially known as ‘Vitur’,. The silver nitrate 
may be crystallized or converted back to silver by treatment with copper turnings. 

Commercial silver nitrate crystals have an impurity of copper nitrate. If these 
crystals are carefully heated, copper nitrate, being more easily decomposable, forms 
CuO. The latter being insoluble can be separated from the soluble AgNQ 3 . 

Silver nitrate decomposes on heating: 
low heat 

2 AgN0 3 -► 2 AgNOj+Oj 

above 1000 K 

2 AgN0 3 -> 2 Ag + 2NO z + 0 2 

Silver nitrate solution may be reduced to give a silver mirror when an alkaline 
solution of silver nitrate is reduced with organic reducing agents like formaldehyde 
or sodium potassium tartarate. 

Silver nitrate solution reacts with a number of anions to give precipitates. These 
reactions are used as tests for those anions. 

Ag + + Cl - -► AgCl (white, soluble in NH 4 OH) 

Ag + + Br”-*■ AgBr (pale yellow,.slightly soluble in NH 4 OH) 

Ag+ + I - -► Agl (yellow, insoluble in NH 4 OH) 

2 Ag + + Cr0 4 2- -► Ag 3 Cr0 4 (brick red) 

3 Ag+ + P0 4 3--» Ag 3 P0 4 (yellow) 

2 Ag + + S*“-* Ag 2 S (black) 

Silver nitrate being the cheapest salt of silver, is the starting material for preparing 
other silver compounds. It is used in silver plating baths (mixed with K.CN), for 
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making silver mirrors, as marking ink for clothes, as a germicide in medicine, as an 
application in eye diseases, and as a volumetric reagent for estimating halides. 

Amongst other silver compounds to mention.are silver halides. Silver fluoride is 
soluble in water but the other halides are not. The insoluble silver halides find use 
in photography (see Section 14,12) They are all sensitive to light and are dissolved 
by a solution of sodium thiosulphate They can be reduced to metalic silver by 
alkaline solutions of hydroquinone. They are converted to metal on being fused with 
sodium carbonate or on treatment with zinc dust. 

AgBr + 2 S 2 0 3 2 ~ -v [Ag(S 2 0 3 ) 2 ]*- + Br“ 

alkali 

C a H 4 (OH) 2 + 2 AgBr - * C 6 H*0 2 + 2 Ag + 2 HBr 

hydroquinone quinone 

heat 

4 AgCl + 2 Na 2 C0 3 -► 4 Ag + 4 NaCl + 2 C0 2 + 0 2 

2 AgCl + Zn-- 2 Ag + ZnCl 2 

14.12 PHOTOGRAPHY 

The process of producing pictures by using light images is called photography. It 
is based on sensitiveness of silver halides, particularly AgBr, to light. The different 
steps in obtaining a photograph are described below 

(1) Preparation of sensitive plate or film : An emulsion of AgBr in gelatin solution 
is uniformly coated on a transparent film or glass plate. This is done in a 
dark room. 

(2) Exposure to light image : This is done bv loading the sensitive film in a 
camera. On a momentary opening of the shutter, image of the object falls on the 
sensitive plate. An invisible change occurs in parts of emulsion on which light falls. 

Br - + Photon->e~ 4- ,Br (absorbed on gelatin) 

Ag*" + e“--►Ag 

The number of silver atoms thus formed are proportional to the number of 
photons received by the plate, but they are too few to be visible The image on the 
film remains dormant or latent. However, the silver atoms formed in thissstep 
catalyze the development stepv 

(3) Development of image : The exposed film is passed through a reducing bath 
containing an alkaline solution of quinol (hydroquinone), metal or amidol. More 
silver bromide gets reduced to give black silver in areas exposed to light in propor- 
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fi'on to the intensity of light Only just enough time is allowed for the action in the 
bath to gel the desired visibility of image As there will be unreacted AgBr on the 
■film, this step is carried out in the dark to pievent a general blackening of the 
pieture. 

(Ag)-f-OH- 

2AgBr + C a H 4 (OH) 2 -^2Ag+2HBr-f C 6 H 4 0 2 

The image is made visible in this step However, the brightest parts of the picture 
are shown as the darkest in this picture. For example, the face of a person will look 
dark and his hair will look grey On account of the reversal of shades, the develop¬ 
ed picture is called the negate 

(4) Fixing of the negative picture . The film is next passed through a bath of 
sodium thiosulphate solution. Photographers call this substance hypo. This step is 
also carried out in darkness. Here, the AgBr still remaining on the film is dissolved 
by chemical action with the thiosulphate. 

AgBr 4- 2S a O a 2 --►[Ag(S 2 0 3 ) 2 P>-+Br-- 

Since the film will not have any more unreacted AgBr, it will no longer be 
necessary to keep it in darkness. 

(5) Printing out of positive picture : The negative film is put in contact with 
printing out bromide paper or another sensitive film Light is flashed over it through 
the negative for a few moments. The exposed paper or film is again passed through 
the development and fixation steps to grt the positive image which tallies with the 
object in shades. This gives a black and white picture- 

(6) Negative reversal : It is an alternative method of getting positive pictures. 
This is carried out before the fixation step. The developed negative picture is 
treated with an acidic oxidizing agent which dissolves out the black deposit of silver 
particles without affecting the unconverted AgBr So the film will have AgBr in 
varying density over the film according to the shades of the negative. Next the film 
is directly exposed to light for a short time. It is then developed and fixed in the 
dark. The result is a positive picture on the original film. It is a transparent 
picture. This process is useful for making slides. 

{!) Toning : In this step the appearance of a photograph is changed by partial 
replacement of silver in the photograph. The commonly adopted procedures arc : 

(i) Gold toning : A dilute solution of sodium tetrachioroaurate (III) is applied 
to the surface of the photograph. Some of the silver in the surface layer is replaced 
by gold and the picture takes up a golden hue. 

Na [AuCI«] + 3Ag—vNaCl + 3AgCf + Au 
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(ii) Platinum toning A dilute solution of potassium hexachloroplatinate (IV) 
is applied to the photograph surface Replacement of some of the silver by platinum 
gives a bright grey tone to the photograph. 

K 2 [PtCl 9 ] 4- 4Ag--^KCl + 4AgCl + Pt 

(iii) Sulphur toning ■ On treating a photograph with a colloidal solution of 
sulphur some silver is converted to Ag 2 S and the picture gets a sepia tone. 

(iv) Blue toning ■ When a photograph is treated with a mixed solution ol 
FeCl 3 and R 3 [Fe(CN)g], some of the silver gets replaced by the blue coloured ferro- 
ferncyanide, Fe 3 [Fe(CNT) 6 ] 2 . 

Ag -f Fe3++Cl~—->AgCl + Fe s+ 

3 Fe 2 + 4 - 2 [Fe(CN) 6 ] 3 '—■*-Fe 3 [Fe(CN ) 6 ] 2 

(v) Dye toning A black and white photograph may be dyed or painted to 
give a more pleasant appearance Gelatin easily catches colouring materials 

14 13 MIRRORS 

Mirrors are obtained by depositing smooth metal surfaces on evenly ground glass 
plates. Following steps are involved in making a mirror 

(1) Preparation of gwss plate ; Glass plates sent out by rolling factories are not 
quite even and smooth For making a mirror the plate is set horizontally on a flat 
surface and ground and polished with fine grinding powder It is thoroughly cleaned 
with some detergent and washed with water. Its boundaries are edged and the plate 
is set for leveling in a warm place. 

(2) Preparation of silvering solution : 20g of AgN0 3 is dissolved in about 150 ml 
of water. Ammonia solution is added till the brown precipitate first formed is iust 
redissolved by stirring. The-solution is made upto 300 ml. It is mixed immediately 
before use with a slow acting reducing agent like sodium potassium tartarate 
(Rochelle salt), glucose or formaldehyde 

(3) Mirroring : The mixed silvering solution is poured over the plate to cover it 
evenly and allowed to stand for long enough to give a desired thickness of silver film 
over the glass plate. The solution is then poured off and the plate is washed. 

(4) Backing : Since the silver film is very thin and can be easily scratched, it is 
protected by electroplating it with sufficient copper. For cheap mirrors a coating of 
red lead paint is applied instead of depositing a layer of copper. 

This process gives mirrors with a back polish Front polish mirrors are obtained 
oy grinding smooth the front surfaces of white metal plates. 
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14.14 METALS AND COMPOUNDS OF ZINC GROUP 

Zinc, cadmium and mercury are the three metals belonging to this group. They 
have the electronic configuration of (n—l)<f 10 , ns 2 Thus they do not have any 
incompletely filled or empty inner shell orbitals The major mode of their chemical 
combination involves the ns 2 electrons only These electrons can be given over to 
electron accepting atoms or groups This feature makes zinc and cadmium metals 
very similar to magnesium although considerably less reactive. Their activities 
decrease in the order Hg<Cd <Zn. Mercury tends to show the property of cate¬ 
nation and forms Hg 2 2+ ions. 

In air zinc and cadmium get covered with a protective layer of oxide They burn 
to form the oxides, on being heated in air Mercury forms a red oxide (HgO) near 
its boiling point (573K). On being heated further (673K), mercury oxide breaks up 
into the metal and oxygen. These metals also combine with the halogens and 
sulphur. Zinc and cadmium react with dilute acids to displace hydrogen Mercury 
reacts only with oxidizing acids. Zinc alone reacts with hot alkalies forming zincate 
ions. 

Zn -f- 2 NaOH ■—► Na2Zn02 H 2 

These metals have a weak metal bonding. Consequently they are quite volatile 
as metals. Mercury is liquid at ordinary temperatures Mercury vapour is highly 
toxic and relative inertness of mercury makes it a cumulative poison. Mercury is 
slightly soluble in water. This enhances danger from mercury. 

Soluble mercury compounds are highly poisonous. The mercurous compounds 
like calomel (HgaCla) are not poisonous mainly because of extreme insolubility. The 
insoluble compounds of mercury and zinc act as germicides Calomel and zincite 
(ZnO) and calamine (ZnCC> 3 ) are used in medicinal ointments Mercury is an opaque 
liquid with a density of about 13.6 g/cm a . This makes it useful as a thermometric 
and barometric liquid. 

Galvanization is a process of covering iron sheets with zinc by passing cleaned 
plates through molten zinc. 

Alloys of mercury with other metals are called amalgams. These may be in liquid 
or solid form. An amalgam of sodium is less reactive than pure sodium 
(dilution effect), while an amalgam of aluminium is far more reactive than aluminium 
(loss of protective layer of oxide). 

Lithopone is white pigment consisting of ZnS and BaSO^. Zinc phosphate is 
used as a dental cement and zinc chloride solution is used as flux in soldering. 

Cadmium sulphide is an important yellow pigment. 
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Mercury sulphide can be had in black and red forms. The latter is called vermilion 
and is an article of ladies’ cosmetics. Makaradhwaj, an Ayurvedic medicine, is sub¬ 
limed mercury sulphide. Mercury readily reacts with sulphur when the two are 
rubbed together. Sulphur powder is sprinkled over spilt mercury to prevent poison¬ 
ing by mercury vapour. 

Scarlet red mercuric iodide, Hglj, dissolves in KI solution to form a colourless 
solution of KjIHgli]. An alkaline solution of potassium tetraiodomercurate (II), 
KgtHgla] is called Neuter's reagent. This reagent gives a brown colour or 
precipitate with ammonia or ammonium salts. This is a very sensitive test. 

Mercuric cyanatc, Hg(CNO) 2 , is an explosive known as fulminate of mercury. 

Cheapest mercury compound is mercuric chloride, HgClj. It can be easily sub¬ 
limed and is called corrosive sublimate. 


EXCERCISES 


14-1 What are transition elements 7 Which of the (/-block elements are not regarded as transition 
dements? 

14.2 In what way the electronic configurations of transition elements are different from those of 
representative elements ? 

14.3 Transition elements show a variation in oxidation states- What is the reason for it and how 
is this variation different from that shown by thep-Wock elements ? 

14-4 In the transition series starting with lanthanum (atomic number, *7), the next element 
hafnium has an atomic number of 72. Why do we observe this jump in atomic number 7 

14.5 How do you explain the anomalous electronic configurations of Cr (4s , 3d‘) and Cu (4s , 3d , *)7 

14.6 Tbe transition group metals should be more reactive than hydrogen according to their elec¬ 
trode potentials- How is it then that most of these do not displace hydrogen from dilute 
acids? 

14.7 Why do transition elements show similarities along the horizontal period as well as down a 
vertical group ? 

14.8 How is it that several transition metals act as catalysts 7 Give some examples of reactions 
catalyzed by them. 

14.9 Define and illustrate tbe terms complex, ligand, polydentate, co-ordination number, chelation. 

14.10 Transition metals easily form intermetaliic alloys. What property of these metals would 

you consider to be responsible for it 7 

14-11 How do you account for paramagnetism and colours observed for compounds of transition 
elements.? 



2Q4 


CHRUUTRY 


14.12 Describe applications of complex formation by ions of transition metals. 

14,H What arc masking agents 7 

14 14 How is it that in alkaline solutions we have chromates and in acidic solutions dichromatea ? 
14 15 Write equations for the oxidation of acidified solutions of ferrous sulphate, potassium iodide 
and sulphur dioxide by potassium dichromate solution- 

14-16 Write a note on chemical valcano. 

14.17 Chrome alum is prepared by passing SOi inton solution of potassium dichromate. Write 
equations for the reactions involved 

14.18 A serious accident occurred in a chemical laboratory when a student tried todlasolve KMnO, 
in cone. HiSOi instead of dilute H .SO,. What went wrong 7 

14.19 Describe how steel may be obtained from cast iron 7 
14 20 What are alloy steels 7 Give three examples. 

14-21 Describe the processes known as quenching, tempering and annealing. 

14 22 Describe the ring iMt for nitrates. 

14.23 Give the chemical names and uses of (i) Mohr's salt, and (ii) feme alum. 

14 24 (a) What is meant by passivation 7 How may we make iron passive and how can passive 
iron be made reactive 7 (b) An oxide film acts ai a protection for aluminium but an oxide 
film cannot protect iron Explain. 

mi 

14.25 (s) Write an essay on corrosion and its prevention, (b) Formulate the corrosion when iron 

washers are used in contact with (i) copper plates (ii) aluminium plates. 

14.26 For removal of oxygen from commercial nitrogen, it is passed through copper chips kept 

in ammonia solution Explain. 

14 27 How may we make copper sulphate from copper turnings and silver nitrate from an alloy of 
silver and copper 7 
'4.28 How may we protect: 

(a) metal domes of temples against weathering, 
i,b) silver jewellery against tarnishing, and 
(c) iron sheets against rusting 7 
14.29 Describe the action of heat on 

(0 ferrous sulphate, (ii) blue vitriol, (iii) mercuric oxide. 

14 30 Describe the chemical changes involved us 

(i) dissolving silver sulphide in KCN solution. 

(h) dissolving silver-chloride in ammonia solution. 

(ni) dissolving silver bromide in hypo solution. 

14.31 Write essaysron (i) photography, and (ii) mirror making 

14.32 (i) Colamine, (n) Calomel, (in) Verdigris, (iv) Corrosive sublimate, (v) Vermilion, 

<vi) Neasier'* reagent 7 

14.33 Explain . A photograph when placedin a solution of gold chloride lakes up a golden lutge 

but when placed it a solution of cooper sulphate, nothing happens to it. 



UNIT 15 


Inner Transition or /-Block Elements 


We have already studied about representative elements, and d-block elements. In 
the present Unit we shall study about /-block elements. 

15.1 /-BLOCK ELEMENTS 

There are two series of elements which are generated by the filling of characteristic 
electrons in the 4/-and 5/-orbitals. The 4/-group of elements fpllowing lanthanum,- 
La (atomic number 57) is called the lanthanide series. There are seven /-type 
orbitals in an energy shell; these can take up upto 14 electrons in them Thus there 
are 14 elements in the lanthanide series starting with cerium, Cc (atomic number: 58) 
and ending with lutetium, Lu (atomic number: 71). These 14 elements have an 
interesting history of their discovery. Because of dosely similar properties of these 
elements and iheir compounds, their separation and identification proved a very 
difficult task. The first stage in their separation was to get them as oxides. Most 
of these oxides, being available only in small quantities, have been called rare ea-ths 
and the elements themselves have been called rare earth elements * 

The 5/series of elements follows the element actinium, Ac (atomic number : 89). 
These are collectively called the actinides. They include the elements from thorium, 
Th (atomic number : 90) to lawrencium, Lr (atomic number ; 1,03). There arc again 
1 4 elements as expected. Included in this senes is the element uranium U mtomic 
number: 92) which is the last element to occur in nature. The rest of the elements 
which have been made id the laboratories, are said to be man-made elements They 

Though this class name has persisted in use, later evidence on occurrence of several o,' u,.- 
lanthamde elemenls has shown that they are not so rare and several other elements are much 
rarer- 
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and (he other elements beyond iawreneium already made or to be made later, are 
also known as traruuranic or transuranium elements. 

The actinides and the other transuranic elements are all radioactive. 

15.2 THE LANTHANIDES 

The chemistry of separation of naturally occurring lanthanides it too complex to 
be discussed in the present course. Here, we shall touch upon only a few of their 
properties. 

The energies of the d-orbitals and the next inner shell /-orbitals are closely similar 
and the order of filling the /-orbitals shows frequent irregularities. Table 15 1 shows 
the electronic configurations of the lanthanides. Normal filling of 4 f-orbitals is found 
&dy far atomic numbers 58, 64 and 71. 

TABLE 15.) 


GromS State Electronic Configuration* of 4/—Ekwott 


Element 

Atomic number 

Electronic configuration 

La 

51 

SdVS-s* 

Ce 

58 

4P5d*6s E 

I’r 

59 

4f*5d*6s* 

Nd 

60 

4f*5d°6s l 

Pm 

61 

4rs 5d°5s* 

Sm 

62 

4f*Sd*6s* 

Eu 

6J 

<r5d*6s' 

C-d 

64 

4P5d’6is* 

Tb 

65 

i}f*Jd°6s J 

Dy 

66 

4P*5d*6s’ 

Ho 

67 

4f u 5d*6s* 

Er 

68 

4f l, 5d*6s* 

Tm 

69 

4f"5d*6s* 

Yb 

70 

4r“Sd , 6s' 

Lu 

71 

4P 4 5o I 6s‘ 

Lanthanides are more reactive than the d- block elements. They react with water at 
room temperature to displace hydrogen. They rapidly combine with halogens, oxygen, 

luiphur and hydrogen 

in the temperature range 425 to 

575K. They act as strong 
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reducing agents for oxides of other metal. Cerium is used as a scavenger of oxygen 
and sulphur in several metals, Lanthanides use their /-orbital electrons for chemical 
bonding to a much less extent than the transition elements use their d-orbital electrons. 
Thus lanthanides show very little variation in oxidation states. The most common 
oxidation state observed with lanthanides is of -f 3. There are a few cases of +2 
and +4 oxidation states. 

The fluorides, hydroxides, oxides, carbonates, phosphates, chromates, and oxalates 
of lanthanides are largely insoluble. Solubilities of sulphates vary between extremes. 
The halides other than fluorides, nitrates and acetates are water soluble. 

15.3 LANTHANIDE CONTRACTION 

As we descend in a group of the Periodic Table, atomic sizes normally increase. 
This is due to the introduction of extra shells of electrons between the successive 
periods. On moving across a period from the left to the right, atomic sizes decrease. 
This is attributed to increasing attraction on the outermost shell electrons as the 
nuclear charge increases from element to element As an illustration we And that 
covalent atomic radii (radii of atoms in covalently formed molecules—an available 
property for companng atomic sizes) increase from 1 23 A for Li to 2.35 A for Cs 
in the alkali metals and from 0 72 A for F to 1.33 A for I in the halogens They 
decrease from 1.23 A for Li to 0.72 A for F in the second period and similarly m the 
third period. 

In the development of a period of elements notable change from element to 
element is the addition of one more proton (and some more neutrons) to the nucleus 
and one more electron outside the nucleus. In the first three periods the additional 
electron eaters the s or p orbitals of the ultimate or outermost shell Since the rate 
of decrease in atomic sizes in the second and the third periods is rapid, it is persumed 
that the nuclear charge is able to exert its fuU attraction on the ultimate shell 
electrons. The electrons present in the incompletely filled s or p orbitals of the 
ultimate shell do not screen or shield each other against attraction of the nucleus. 

In the development of the fourth and the fifth periods of elements, electrons also 
start filling the d-orbitals of the penultimate shell to give rise to the first and the 
second series of transition elements. As at this stag* 'he additional electron gets 
added to an inner shell, it could be expected that it would have completely neutraliz¬ 
ed the effect of increase in nuclear charge due tb the addition of a proton. Then 
there would have been no change in atomic sizes which are determined by the position 
of electrons in the ultimate shell. However, in these elements the decrease in atomic 
sizes with increase in nuclear charge from one element to the next is not quite signi¬ 
ficant, though not at the same rate as in the r-and p-block elements of the second and 
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the third periods This shows that the electrons in the cf-orbitals of the penultimat 
shell do not permit the nucleus to exert its full force of attraction on the electrons ii 
the ultimate shell. The electrons in the cf-orbitals possess some shielding or screening 
influence on the nucleus, though it is incomplete. In any case the shielding influenc 
of electrons in </-orbita!s is more than that of electrons in the s-and p-orbital*. Wit! 
the filling in of 10 electrons in the ^/-orbitals from Sc (At no. 21) to Zn (At.-ao. 30 
the covalent atomic radii decrease form 1 44A to 1.25A and from Y (At. no. 39) ti 
Cd (At no 48) the decrease is from 1.62A to 1.41A.- The somewhat reduced rate to 
contraction in atomic sizes for the transition elements is called transition cofltractbi 
As a consequence of the introduction of the transition series between the P"bloc] 
elements of the third and the fourth periods, the increase in atomic sizes in the group 
is somewhat less marked than in case of similar elements of the second and the thin 
periods. 

In the development of the sixth period of elements, filling of electrons alu 
commences in the 4/-orbitals of the antepenultimate shell. We find that the decrees 
in atomic sizes from element to element in the first inner transition series o 
/-block elements (lanthanides) is much smaller than even in the d-block element 
of the fourth and the fifth periods. From Ce (At. no. 58) to Lu (At.uo.71) covalen 
atomic radii decrease from 1.65 A to 1 56 A. For an increase in atomic number 
o fourteen, the total decrease in covalent atomic radii is of only 0.09 A. This rathe 
small decrease in atomic sizes of elements in the lanthanides indicates that tb 
shielding influence of electrons in the antepenultimate shell /-orbital is much stronge 
than that of even the electrons in the d-orbitals of the penultimate shell. This ver 
small rate of decrease in atomic sizes in the lanthanide elements has been namei 
as lanthanide contraction It has a prominent influence on the chemistry of no 
only the lanthanides themselves but also of the elements which follow then 
in the transition series of the sixth period. Thus, Hf (At no.72) has a covalen 
atomic radius of 1 44A, Zr (At. no. 40), an element immediately above Hf it 
the group, has a covalent atomic radius of 1.45 A. This is an unusual happening 
Normal thing to occur in any group is an increase in atomic size. This unusua 
relationship in atomic sizes persists for elements which follow Hf in the sixth period 
Lanthanide contraction almost balances the expected increase in atomic sizes oi 
some group elements between the fifth and the sixth periods of the Periodic Table. 

15.4 OCCURRENCE AND APPLICATIONS OF LANTHANIDES 

Monazite sand found on the Travancore coast in South India is an easy sooi«6 
a number of lanthanides It is mainly cerium phosphate, CePOs. It has about 50 tc 
75 % of oxides of cerium group. It has also 5 to 9% of thoria (ThO») and traces c 
uranium After extraction, the constituents arc separated by ion exchange techniques 
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The pure metals have no specific use and hence lanthanide metals are extracted 
.as mixtures or alloys. These are called mischmetals. Cerium may constitute 30 to 
50% of these alloys. They are used for scavenging oxygen and sulphur from other 
metals. Addition of about 3% mischmetal to magnesium increases its strength and 
makes it usefiil for jet engine parts. Mischmetal imparts high temperature strength 
to aluminium, hardness to copper, lathe workability to stainless steel and oxidation 
resistance to nickel. 

Alloyed with 30% iron mischmetal becomes sufficiently pyrophoric for use in 
light er ‘stones’ or ‘flints’. 

Lanthanide oxides are used for polishing glass. Neodymium and praseodymium 
oxides are used for making coloured glasses for goggles. These goggles are parti¬ 
cularly useful for glass blowers as they absorb the bright yellow sodium light. 

Lanthanide compounds are found to be good catalysts for hydrogenation, dehy¬ 
drogenation, oxidation, and petroleum cracking processes. They are also used in 
magnetic and electronic devices for their para-and ferro-magnetic properties. They 
are filled into arc carbon electrodes for greater brilliance. Gas lamp mantles also 
nuke use of ceria and thoria. 

15J THE ACTINIDES 

There are 14 elements following actinium. Ac, (atomic number: 89). Electronic 
configurations of these elements show even more frequent irregularities than the 
lanthanides (Table 15.2). 

TABLE 15-2 

Electronic Configurations of Actinide* 


Element 

Symbol 

Atomic number 

Electronic configuration 

Actinium 

Ac 

89 

6d l 7s* 

Thorium 

Th 

90 

5f°6d*7s* 

Protoactinium 

Pa 

91 

5f*6d l 7s* 

Uranium 

U 

92 

5f'6d l 7s* 

Neptunium 

Np 

93 

5f‘6d'7s* 

Plutonium 

Pu 

94 

smw 

Americium 

Am 

95 

5f 7 6dW 

Curium 

Cm 

96 

5f»6d*7s* 

BerkaHum 

Bk 

97 

JfSdns* 

Californium 

Cf 

98 


Binateinium 

Es 

99 

SPWTi* 

Fermi um 

Fm 

100 

5f»6d # 7s* 

Mendelevium 

Md 

101 

5f”6d°7s* 

Nobeiium 

No 

102 

Jf**6d»7s' 

Lawrencium 

Lr 

103 

5f u 6d l li* 
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Most of these elements have been made by bombardment of available nuclei by 
accelerated sub-nuclear particles. They are ail radioactive metals. Close resem¬ 
blances between actinides and corresponding lanthanides have been very helpful m 
characterizing and separation of actinides which could be synthesized ;n very small 
amounts 

From point of abundance in igDeous rocks, thorium is the most abundant, being 
about I 15 x 10 -3 %; uranium comes next, 4x10"*%. The non-existence of most 
of actinides in nature is attributed to their relatively short half-lives. 

The main source of thorium is the monazite sands of Travancore Uranium is 
recovered from puch blende which bceurs along with other minerals. Plutonium is 
one of the elements made in atomic reactors on a large scale from Uranium-238 


298 1 

U+ n - 
89 o 


“ui 

92 


9 239 

Np-► Pu 


93 94 

stable unstable unstable stable 

tj=4.5v 10® yrs t^=25min t^-*2.33 days t^=2.4x 10 4 years 


Plutonium being chemically different from uranium, can be easily separated from 
it. Uranium-238 is not a fissionable isotope. On the other hand, like U-235, 
piutonium-239 is fissionable under bombardment by slow neutrons and can be stored 
and used as needed. Thus the more abundant and therefore cheaper uranium-238 
isotope has been converted to the mtch more useful plutonium-239. Plutonium-239 
is a material of trade between natiohs interested in generation of atomic energy. 

Thorium-232 can also be converted to fissionable uranium-233 by a similar series 
of steps in a reactor; 


989 


Th + n- 


233 _ 


Th 


Th 


= 22m in 


“ , o 

► Pa -i e 

91 -1 


“Pa 3=27 days _ • 

91 93-1 


^U -f v — » Fission products -f energy 
U-233 has a half life of 1.6 x *0® years. 
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Uranium salts impart green colour to glass, Thorium as oxide is used in making 
gas manules. The mantle woven from silk fibres is dipped into a mixed solution of 
thorium and cerium nitrates in the ratio of 99 and 1% respectively. It is dried and 
•old in this form. When fixed in the lamp and ignited for the first time, the silk 
fibres burn away leaving behind a net work ofThO* (thoria) and CeO* (ceria) in the 
form of a rather brittle bag. Both these oxides can withstand high temperatures. 

Plutonium is fissionable material (fuel) used in atomic energy plants. Alter use 
it is again enriched by chemical separation from products and reused. As it can also 
be used for making atomic bombs, atomic energy plants are sought to be interna* 
tionally controlled. 

Exercise 15.1 

Plutonium-239 undergoes a fission reaction by absorbing a thermal neutron and 
3 new neutrons are given up in this reaction. Suggest a way in which this could 
happen if Kr-94 isotope is one product. 

Solution 

to 

The fission of U-235 may be represented in about 30 different ways. Two of these 
are presented as: 

”*U + X n -► 10 *Mo + U1 Sn+2 1 n 

M 0 41 SO 0 

*“u + *n-► “*Ba + **Kr + 3 1 n 

*1 0 M M 0 

The essential requirements in the fission reaction are: 

(i) Total of mass numbers must be unaltered. 

(ii) Total of proton numbers musf be unaltered. 

(iii) The product atoms should be of about half mass number. 

For Pu-239 after gaining one neutron and losing 3 neutrons, mass to be distri¬ 
buted will be 237, The protons to be distributed will be 94. Atomic number of 
Kr-94 is 36. Atomic number of the other element will be 5$. Isotopic mass will be 
143. 

a» , i m , 14S i 

Pu 4- n —► Kr + Ce + 3 n 

MO M 18 0 

15.6 TRANSACTINIDE ELEMENTS 

The actinide series was completed with the synthesis of lawrenchim, Lr (atomic 
number : 103). The synthesis of elements with atomic numbers 104 and 105 has 
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started the filling up of 6^-transition series. The names of some of these elements 
have not been finally accepted. Russians have proposed the names joliocium for 
element 102, kurchatovium for element 104 while the Americans would like to call 
them nobelium and rutherfordium, respectively. American proposal for name of 
element 105 is hahnium. Remembering the days of Mendeleev, the newly made 
elements are also being named as ‘eka’—elements. The 6 d series should complete 
with element 112 (eka-mercury) and then 7p-orbitaIs should be filled for elements 
from 113 to 118. This-would be followed by the 8s 1 and 8s 2 configurations. Most 
of these new elements are expected to be very short lived. However, the stability 
observed with elements having atomic numbers corresponding to magic numbers * 
hold out a hope for relatively stable elements with atomic numbers 114 (eka-lead) 
and 164 (dvi-lead). This extension of the periodic table will need the 9g-orbitals. 
The corresponding elements would need another special location in the table as a 
g-block. 


EXERCISES 


15-1 What is the difference in the electronic structures of transition and inner-transition elements? 

15.2 Which of the elements beyond Iawtencium, Lr, (atomic number: 103) will belong to the 4-and 
p-blocks? 

15-3 What will be the atomic numbers of two more elements of zero group after radon (atomic 
number: 86)7 

15-4 Explain the terms. lanthanides, actinides, rare earths, nuclear fuels, eka-mercury, magic 
numbers. 

15.5 What is meant by lanthanide contraction and why does it occur? 

15.6 Why no industry is run to separate the elements of 4/-series and 5/-series from the respective 
mixtures? 

15.7 List the uses of lanthanides. 

15 8 How is plutonium obtained and to what use is it put? 

15,9 Uranium salts are ordinary chemicals but production of atomic energy from uranium is an 
expensive method. Explain, 


'It has been found that atomic nuclides with certain numbers of neutrons or protons are much 
more stable than others. Such numbers have been nick named as magic numbers. They are 2, 8, 
20, 50, 82, 126, 164, etc. 
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Alkyl and Aryl Halides 


Alkyl halides are compounds of the general formula R-X where R stands for an 
alkyl group and X stands for any of the halogen atoms. They can be regarded sa 
substituted alkanes in which one of the hydrogen atoms attached to the carbon chain 
is replaced by one of the halogen atoms. There are marked differences in the 
methods of preparation and properties of alky] fluorides and other halogen substi¬ 
tuted alkanes, therefore the alkyl fluorides and other fluorocarbons are dealt with 
separately. Here we shall be dealing with alkyl chlorides, bromides and iodides which 
are closely similar in their method of preparation and reactions. 

Aryl halides are the compounds in which a halogen atom like Cl, Br or I is linked 
to an aromatic ring replacing a hydrogen atom. Thus, QHjCl and CICtH«CHs, in 
which the chlorine atom is attached to one of the carbons of the aromatic benzene 
ring, arc examples of aryl chlorides. 

16.1 NOMENCLATURE 

The trivial and IUPAC names of the first few alkyl halides are as follows: 


Formula 


Trivial none 


IUPAC mm 


CH,CI 

CH,CH«C1 

CH»CHjCHaCl 



HC1 


CH|CH|£H|CH|CI 
CH,-CH—CHjCH., 
Cl 


methyl chloride 
ethyl chloride 
n-propyi chloride 

iw-propyl chloride 

n-butyl chloride 
see- butyl chloride 


chloromethaoe 

chloroethane 

1-chloropropaaa 

2>chloropropaiw 

1- chlorobutSM 

2- chlorobuteiw 
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Formula 

Trirlal name 

IUPAC name 

CHw 

>CH-CH,-CI 

CH/ 

iio-bulyl chloride 

l-chloro-2-methyl pro Dane 

CH, V 
;c-ci 
ch/ I 

lert -butyl chloride 

2-chioro-2-metliyl propane 

CH, 




Thus in the trivial system of nomenclature, an alkyl halide is named by adding 
the trivial name of alkyl group to the halide name. Io the IUPAC system the 
halogen is regarded as a substituent and the halohydrocarbons are given one word 
names. The substitution by bromine or iodine in place of chlorine in the tabulated 
compounds will lead to the formation of the corresponding bromp- or lodo-hydro- 
trbons. 

Chlorobenzene is the first member of the group of aryl halides. The next higher 
homologue is obtained by displacing one of the hydrogens on the ring in toluene by 
% halogen atom. Such a replacement can take place at ortho, meta or para position 
with respect to the methyl group. Consequently the following three isomers ar«- 
pouible for chlorotohien e. 



o-clilorotoluene m-chlorotoluene p-chlorotolucnc 

(2-ehlorotohiene) (3-chlorotoluene' (4-chlorotoluene) 

The displacement of one of the hydrogens of methy group will yield the fourth 
isomer, benzyl chloride, 


CH*C' 



benzyl chloride 

wnich, is considered an alkyl halide and not an aryl halide because the halogen 
it not directly attached to the benzene ring. 
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16.2 MORE ABOUT ISOMERISM 


We have already discussed ihe phenomenon of si ructural isomerism in alkanes in 
Section 16-2 of Part 1 Such isomers are compounds which have the same molecular 
formula but different structural formulae, resulting from the difference m the 
sequence in which the atoms of the molecules are bonded together With the 
introduction of a halogen atom in the molecule a new possibility of isomerism arises 
according to the position of halogen atom on the carbon chain This type of 
isomerism is referred to as position isomerism, l-chioropropane and 2-tbloro- 
propane are two position isomers having identical carbon chains but ditlerent 
locations of the halogen atom. 

3 2 1 3 2 1 

CH 3 -CH 2 —CHa-CI CH 3 -CH-CH 3 

I 

a 

1—chloropropano 2—chloropiopane 

Isomerisn may, however, also result from dilfeient orientation of atoms or groups 
in space in a molecule. This type of isomerism is called spatial isomerum or 
stereoisomerism* The isomers resulting from different spatial arrangements of 
atoms or groups of atoms in space are called ste'eoisomcrs 


We may recall that in geometrical isomerisnii {r.U-iians isomerism) too the-isomers 
have the same structural formulae, but as a result of restricted rotation about the 
double bond, two different spatial arrangements of the Atoms or groups of atoms in 
the molecules are possible Geometrical isomerism is thus i< kind^of »:ereoiscmerism, 
’ptical 'somensm is anotner type of stereoisomerism. Tins interesting and subtle type 
if isomerism is shown by substances whose mc/cvftles are Jissymon.:rt 4 . A dissym- 
i vefric molecule is one which cannot be super-imposed on its mir.or image like letter 
*’ unlike A (Fig. 16.1) An example of an object not being >upcnmposable or. 
is mirror image is the human hand. Right hand is a mirror image of Th;, left 


C\ /H 

c = c 

H/ \C1 

frnnj-dichloroethylcne 


^Cl 

c: 

cij-dichloroethylene 
Mirror Mirror 



q A : A 


16.1 Non-superlpiposibte and lupcriniposable mirror imager 


# Slcrcc—meaning space. 
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The two hands can be placed face to face but not one over the other in a coinciding 
manner. Compare this situation with a button. Because of the symmetrical shape a 
button will coincide with another button which may be its mirror image. 

All objects, like the human hand, which do not superimpose on their mirror 
images are said to be dissymmetric objects. 

Dissymmetry in carbon compounds is a consequence of the tetrahedral geometry 
of the sp 3 hybridized carbon atom. The idea that carbon atom forms four bonds 
directed towards four corners of a tetrahedron was first put forward by LeBel and 
vpn’t Hoff in 1873. A tetrahedral model of fluorochlorobromomethane and its 
mirror image are shown in Fig. 16.2. 

Mirror 



A B 

Fig. 16.2 Fluorochlorobromomethane and its mirror image 
In this case the four atoms attached to the carbon atom are all different. The A and 
B arrangements given here are related to each other as an object and its mirror image 
We find that no rotational motion around any axis, or any other manipulation except 
cleavage of bonds can make one model superimposable on the other.* ' Each one of 

*In case any-two groups attached to a carbon atom are similar as in dichlorofluoromethane, the 
molecule no longer remains dissymmetric and a simple rotational motion around an axis would 
make it superimposable on its mirror image. Students can satisfy themselves by handling actual 
models. In Fig, 16.3, model A will become superimposable on model B, if it is rotated through 



i i 

an angle of 120° such that the atom H will come iitto the position of Cl, the atom Cl will 

ii 

take the position of Cl and the atom Cl will take the position of atom H. Position of atom 
F will remain undisturbed. 
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these arrangements of atoms represents a stereoisomer, not superimposable on its 
mirror image; fluorochlorobromomethane is thus a dissymmetric molecule Stereo¬ 
isomers related to each other as two non-superimposable spatial arrangements are 
described as enantiomers Enantiomers have mostly identical physical and chemical 
properties but will differ in shapes of crystals, optical rotations and biological acti¬ 
vities. Table 16.1 shows some of the physical properties of 2-methyl-1-butanol 

H 

1 

CH 8 - CH a - C - CHaOH 

I 

CH a 

2 methyl- 1 -butanol 

enantiomers in which carbon number 2 is attached to four different groups i e., H, 
CHaOH, CH S and C 2 H 5 This carbon provides an asymmetry centre in the molecule. 
Any carbon atom in a molecule which is tetrahedrally linked to four different atoms 
or groups is called an asymmetric carbon atom. 

TABLE 16.1 

Physical Properties of Enantiomers 

( + ) 2 methyl-1-butanol ( —) 2 methyl-l-butanol 

+5.756° —5.756° 

4019K 401.9K 

0.8193 0.8193 

1.4173 1-4173 


Specific optical rotation 
b- p. 

Density 

Refractive index 


A convenient method of distinguishing between the two enantiomers of a substance 
is their behaviour towards plane polarised light. When enantiomers (as such if 
liquids, or as solutions if solids) are placed in the path of a beam of polarised light, 
they will rotate the plane of the polarised light in opposite directions to an equal 
extent. The enantiomer Which rotates this plane to the right is called dextro-rotatory 
and the other which rotates it to the left is called laevo (—) rotatory. Dextro and 
laevo forms of a substance are denoted by the letters d- and 1 - respectively. The two 
enantiomers of lactic acid are shown below t 

COOK 

H 

CH 3 

( 4 - ) Lactic acid ( — ) Lactic acid 




HO 
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We are fatnillar that ordinary light is composed of light waves of different wave¬ 
lengths Monochromatic light (i e light of only one wavelength) can be obtained by 
passing ordinary white light through a prism or grating. It can also be obtained by 
using a lamp which gives light of only one wavelength e g., a sodium lamp emits 
yellow light of about 589.3nm wavelength. Whether it is ordinary light or monochro¬ 
matic radiation it is composed of waves which are vibrating in a number of different 
planes passing through the line of propagation. If such a beam of light is passed 
through a device such as Nicol Prisms “(named after discoverer) it can be converted to 
nlane polarised light in which vibrations take place only in one plane. 

If a beam of plane polarised light is passed through a dissymmetric material, the 
plane of polarisation is changed. The asymmetric material is thus called optically 
active The isomers which differ in their behaviour towards plane polarised light, 
are called optical isomers The phenomenon of existence of optical isomers is called 
optical isomerism. 

This rotation of plane polarised light or optical activitv can be detected and 
measured by an instrument known as polartmeter. 

16.2-1 RACEMIC MIXTURES 

If a substance is found to be optically inactive in a polarimeter, it does not 
necessarily mean that it must have symmetric molecules. Optical inactivity can also 
be observed if equal amounts of dextro and laevo enantiomers are mixed together, 
one tends to rotate the plane of the polarised light to the right, the other, to an equal 
extent to the left and the het effect'is that no optical rotation is observed. Such a 
mixture of d-and /-enantiomers is called a racemic mixture or modification and 
is denoted as dl or (±) form A racemic mixture may be formed by mechanically 
mixing the two enantiomers in equal quantities. In most organic synthesis, racemic 
products are formed instead of pure optically active enantiomers. This is due to 
the equal probabilities of formation of the two enantiomers. However, in the 
biological systems where most of the synthesis are done with the help of enzymes, 
usually only one enantiomer of a substance is produced This type of synthesis in 
which only one enantiomer of an asymmetric substance is produced is known as 
asymmetric synthesis. All the amtno acids present in higher animals are laevo 
ammo acids. Glucose from grapes and cane sugar from sugarcane are both found 
to be dextrorotatory. Racemic modifications can be separated into d-and /-enantio¬ 
mers under suitable conditions. This process of Reparation ts called resolution 

Nicol prisms are made from a particular crystalline form of CaCO, known at calcilt. A rhomb 

of calciie is cut fiom corner and ibeu cemented back by canada balsam. 
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16.2-2 CONFIGURATION , 

We have seen above that enantiomer pairs represent two different spatial arrange¬ 
ments of substituents at an asymmetric carbon atom. Each one of these arrangements 
is called a configuration. 

You will recall that one needs structural formulae to describe organic molecules, 
molecular .formulae alone are not sufficient Among stereoisomers even structural 
formulae fail to completely define the isomers, since the arrangements of atoms or 
groups in space are also important in case of stereo isomers, Fischer proposed a 
specific orientation in which an enantiomer molecule be held for writing its 
projected formula. 

In Fischer projection, the molecule is so held that its asymmetric carbon is in th 
plane of the paper, the groups at the top and bottom are inclined equally below this 
plane, and the group on the left and right are similarly inclined equally above the 
plane. The groups attached to the asymmetric carbon in the molecule are then 
projected on to the plane m the shape of a cross. The Fischer projection formula 
for lactic acid (shown on page 217) is given below. 


COOH COOH 


HO—C—H 


CH a 

d- lactic acid 
or L (4-) lactic acid 


I 

H—C—OH 

I 

CH 3 

l- lactic acid 
or D (—) lactic acid 


Fischer projection formula for lactic acid 


In these Fisher prqjection formulae, the enantiomers having the OH group oi 
the right hand side is designated by the letter D and other having the OH group 
on the left it designated by the letter L The symbols D and h are indicative of 
spatial distributions around the first asymmetric carbon atom from the bottom 
but not the optical rotating power of the molecule. The optical rotating power of 
substances can be indicated by adding the (+) sign for dextro-rotation and (—) sign 
for I aevo-rotation, Thus d-lactic acid i.e. dextrorotatory acid can also he represented 
as the L (+) lactic acid.< From similar consideration (/-), lactic acid in which H and 
OH on die asymmetric carbon are in reverse positions with respect to dextro-lactic, 
acid will be represented by D (—) lactic acid. 

D (4-) and L(—), and D(~) *®d L(+) enantiomers may also be possible in com¬ 
pounds which contain more than one asymmetric carbon atoms. 
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16.P3 MANY ASYMMETRIC CENTRES PER MOLECULE 


Compounds that contain two or more asymmetric centres can exist in more than 
two stereo isomeric forms. In 2,3-dichlorobutane two asymmetric carbon atoms 
(2 and 3) are present. Using the models we can write the following structures: 


Cl 

H 


ch 8 
—A-h 
— i—ci 

(0 


CH S 

I 

H-C—Cl 
Cl —C—H 

tb* 

( 2 ) 


Non-Superim posable 
(enantiomers) 


CHs 

| 

CH S 

i 

H-C—Cl 

1 

Cl—C—H 

1 

• •• 1 ••• 
H—C-Cl 

Cl—C—H 
| 

1 

CHs 

CHs 

(3) 

(4) 

(Superim posable 
meso- form) 


Structures (1) and (2) are non-superimposable mirror images and these are 
therefore enantiomers. However, the structures (3) and (4) arc superitnposable mirror 
images and therefore are not asymmetric, even though the asymmetric carbon'atoms 
are present in them. They have a plane of symmetiy as indicated by dotted lines. Such 
stereo isomers are called .meso-forms. Because of the symmetry in meso forma, 
the optical rotation due to one asymmetric carbon atom exactly counteracts the 
optical rotation due to other asymmetric carbon atom. The meso enantiomers are 
optically inactive, and like the racemic modifications, they can not be resolved into 
optically active enantiomers. 

Tartaric acid it another common example of a substance existing in dextm, toevo 


and meso forms. 

COOH 

H—C—OH 
HO-i—H 

ioOH 

dextro 


COOH 

HO—C—H 

H—Cl—OH 

CXJOH 

laevo 

tartaric acids 


COOH 
HO—C—H 

HO—C—H 


A 


OOH 

meso 


16.3 PREPARATIONS OF ALKYL HALIDES 

For laboratory preparation of alkyl halides the starting 
alcohols, or hydrocarbons. 


materials arc generally 


1. Alkyl halides from alcohols 

ROH-*RX 

This is a substitution reaction. Various reagents can be used to replace e y 

droxyl group in alcohols by a halogen atom. Some of these ar . 
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(a) Reactions with hydrogen halides and concentrated hydrohalogen acids : These 
react with alcohols under dehydrating conditions which help in preventing the reverse 
reaction with water. The reactivity of acids is in the order Hl> HBr> HC1 and of 
alcohols is in the order tertiary > secondary>primary. 

ZnCl 2 

CH 3 CH 2 OH + HC1-►CH 3 CH 2 CI + H a O 

CH 3 CH 2 OH + NaBr + H 2 S0 4 ->CH 3 CH 2 Br + H 2 0 + NaHSO* 


(b) Reactions with phosphorus halides and thionyl chloride : A mixture of red phos¬ 
phorus with Br a or la is taken for providing PBr 3 or PI 3 . 


CH 3 CH 2 CH 2 OH + SOCI 2 -► CH 8 CH 2 CH 2 C1 + SO a + HC1 

CHa—CH—CH a + PCI 5 -► CH S CH—CH 8 + POCl 3 +HC1 

I I 

OH Cl 

CH 3 CH 2 CH 2 OH + P/I 2 -> CH 3 CH 2 CH 2 l + H 3 P0 3 

Thionyl chloride is preferred in the preparation of chloro compounds since 
both the by-products in such reactions are gases, and make the purification of the 
final product easy. 

2. Alkyl halides from hydrocarbons 

(a) A treatment of alkanes with halogens gives a mixture of mono and poly¬ 
substitution products. It is quite difficult to separate such mixtures. 


(b) Alkenes can add hydrogen halides to form alkyl halides. 
CH 3 —CH => CH 2 + HX-> CH S -CH—CH S 


The above addition reactions proceed in accordance with Markownikoff’s rule 
(Part I). According to this rule the hydrogen part of hydrogen halide attaches to 
the double bond carbon which has already more of hydrogen atoms attached to it. 

In the presence of organic peroxides, the addition of hydrogen bromide (not of 
HCI or HI) to alkenes proceeds by a different mechanism and gives a different pro¬ 
duct. In the presence of benzoyl peroxide, HBr gives 1-bromo propane, as the major 
product. This addition is called anti-Markownikoff's addition (Kharasch effect), 
since the orientation of bromine in the resulting compound is different from that in 
ionic addition according to Markownikoff’s rule. 


16.4 PREPARATION OF ARYL HALIDES 

Aromatic halides cannot be prepared from phenols, since replacement of phenolic 
hydroxyl group by a halogen atom is not easy. .They can be conveniently prepared 
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OHAuramr 


from aromatic amines. The-replacement of amino group in aryl amines by a halogen 
atom cannot be done directly The amino compounds are first reacted with nitrous 
acid (NaNOj + MCI or H,S0 4 ) at low temperatures. The resulting di&zonium salt 
is treated with CuCl, CuBr, or K.I to give the corresponding aryl halide. This reac¬ 
tion will be discussed in detail in Unit 18. 


CuCl 
--► 

I 


O + * 



273K 

+ HN<\-- 

+ HC1 



CuBr 



+N, 




+KQ+N, 


Although more expensive, this method has the advantage over direct haiogenation, 
as the product is not contaminated with disubstituted o-and p-isomers, or with di, 
or polysubstituted compounds 

Aryl halides can also be prepared by direct haiogenation using a Lewis acid as 
catalyst (Part I) Direct haiogenation of benzene ring is more usefiil than direct haioge¬ 
nation of alkanes. However, fluorides and iodide* cannot be obtained by this 
method. The mechanism of this reaction has been discussed in Part 1. 




+ HO 


16.3 INDUSTRIAL PREPARATIONS 

(a) The alkyl chlorides on industrial scale are prepared by direct - chlorination of 
hydrocarbons at high temperatures. The free radical mechanism, by which these 
reactions proceed has already been discussed (Part I). 

CIs Cl* Cl, Cl, 

CH 4 -► CHjCl-► CM,Cl,-► CHCI,-► CCI« 

—HC1 —HC1 — HCI —HC1 ' 

r-* »-butyl chlbride. CH,CH,CH,CH,C1 


n-butane 


Cl, 


-HCI 


sec-butyl chlbride, CH,—CH—CH, 

a 


-CH, 



jam «n a»tl bauds 
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la this substitution reaction, mixtures of isomers and poly substitution products 
are generally formed. Since most of these chlorine derivatives are used as industrial 
solvents, the mixtures obtained by direct chlorination can be used as such without 
separation into individual components. Pure components can sometimes be separat¬ 
ed by fractional distillation. 

(b) Some of the unsaturated alkyl halides which find applications in the prepa¬ 
ration of polymers are obtained by addition reactions instead of direct substitution. 
Thus vinyl chloride can be obtained by addition of HC1 to acetylene in presence of 
HgCla (Part I). 

HgClt 

CMSCH + HC1-*• CHi = CHC1 

- vinyl chloride 

1*he methods for the preparation of fluoro derivatives of hydrocarbons are very 
different from those for the corresponding chloro nr bromo compounds. Usually 
alkanes are reacted with inorganic fluorides resulting in substitution of one or more 
hydrogen atoms. You will learn about details of such preparations m your later classes. 

16.6 PHYSIC VL PROPERTIES 

The molecular masses of alkyl halides are higher than that of the corresponding 
alkanes. Consequently the melting points and boiling points of these compounds 
are several degrees higher than the parent alkanes. Following order is observed in 
the boiling points of alkyl halides according to the halogen contained by them. 

RF<RCl<RBr<Rl 

The physical constants of some alkyl halides are given in Table 16.2 

TANA 16.2 

Ffcyakal Cooataat* of Some Alkyl Halid* 


Namtef atkyi 
rotfcml 

CHLORIDE 

BROMIDE 

IODIDE 

b. p. < K) 

Densuy 
at 293X 
(tlcnf)' 

b.p- (*l 

Density 
at 293K 
(g/cm*) 

b.p. (JT) 

Density 
at 293X 

Cr/r»P) 

methyl 

249.0 

gas 

270 

gas 

313 

2.279 

ethyl 

2030 

gas 

Ill 

1.440 

345 

1,922 

"-propyl 

220-0 

0.090 

244 

1-333 

375 

1.747 

lee-propyl 

212-3 

0839 

222 

1.310 

2615 

1.703 

•butyl 

231.3 

0.004 

175 

1.276 

4<D 

1.617 

toe-hut* 

*42.0 

0.073 

264 

1.261 

29* 

1.603 

awbutyt 

241 0 

0.071 

964 

1 230 

2 « 

1393 

sen-butyl 

ttLO 

0.040 

246 

1.222 

J73 <4) 

— 
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Although polar in nature, alkyl halides are insoluble in water due to their inability 
to form hydrogen bonds with water molecules or to break the hydrogen bonds 
already existing in water. They are soluble in organic solvents. Alkyl chlon: ! m 
are generally lighter than water whereas alkyl bromides and iodies are generally 
heavier. Methyl iodide is the densest alkyl halide as in this compound iodine 
has its greatest density contribution relative to the contribution of the hydrocarbon 
part. 

The physical properties of aryl halides are similar to those of the corresponding 
alkyl halides. They are insoluble in water, acids or bases and are soluble in organic 
solvents. The boiling points of isomeric dihalobenzenes are very nearly the same 
(Table 16.3). But the melting points of these compounds show a considerable 
spread. In each case the pare isomer melts at 70-100 degrees higher than the ortho 
and meta isomers. The para isomer is more symmetrical and therefore can fit 
better in the crystal lattice of the solid forms. Due to the higher =intracrystalline 
forces the para isomers are also less soluble in a given solvent than the ortho 
isomers. 


TABLE 16.) 

Physical Constanta of Some Aryl Halide* 


Nam* of Aryl Bolide 

ORTHO 

META 

PARA 

m p. 

w 

b.p. 

(K) 

M. P. 

w 

bp. 

m 

7# 

b.p. 

(A) 

Chtorotoluene 

226 

432 

225 

435 

281 

435 

Bromotoluene 

246 

455 

233 

454 

301 

458 

Jodotoluene 

— 

479 

— 

484 

308 

484 

Dichlorobenzeae 

256 

453 

249 

446 

325 

448 

Dibromobenzcne 

279 

494 

266 

490 

360 

492 

pilodobenzene 

300 

560 

308 

558 

402 

538' 


16.7 CHEMICAL PROPERTIES 


A luge number of organic compounds with different functional groups can be 
Prepared from alkyl halides. Halobenzenes and vinyl halides, on the other hand, 
art much less- reactive and undergo reactions only under drastic reaction conditions as 
in Ukyl halides.The carbon carrying the halogen atom is sp s hybridized while in aryl 
and vinyl halides it is sp a hybridized 
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Organic halogen compounds are polar in nature. The more electronegative 
halogen atom withdraws the shared pair of electrons towards its side. 

\$ + S' 

—C—Cl 

/ 

The electron density around halogen is increased and the bonded carbon which 
becomes deficient in electron density, acquires a partial positive charge. The dipole 
moments of alkyl halides range from 2.05 to 2 15D. The dipole moment of 
chlorobenzene is 1.73d and that of vinyl chloride is 1.44D. 

16.7-1 HALOGEN REPLACEMENT REACTIONS 

The typical reactions of alkyl halides are replacement reactions Electron rich 
reagents (nucleophiles) attack the alkyl halides. The weakly basic halide ion is 
displaced. Such reactions in which a strong nucleophile displaces a weaker 

\S + 8- \ 

—C—X + z-> -C - Z + X- 

/ / 

nucleophile from the substrate, are called nucleophilic displacement reactions. A wide 
variety of important products can be prepared by using different types of nucleo¬ 
philes and alkyl halides. In Table 16.4 some of these reactions are summarised 


TABLE 16.4 

Typical Reactions of Alkyl Halides 
RX + E-Nu—>R-Nu 4- EX 


Alkyl halides 

Reagent E-Nu 

Product R-Nu 

Class 

Other Product (EX) 


HOH 

ROH 

alcohol 

HX 


NaOH 

ROH 

alcohol 

NaX 


NaOR 

ROR 

ether 

NaX 


HOR 

ROR 

ether 

HX 


K1 

RI 

alkyl iodide 

KX 

RX 

H-NH, 

R-NH, 

amine 

HX 


Na-SH 

RSH 

mercaptans 

NaX 


H-SR 

R-S-R 

thioethers 

HX 


K-CN 

R-CN 

alkyl cyanide, 

KX 


Ag-CN 

R-N = C 

alkyl isocyanide 

AgX 


K-NO, 

R-NO, 

nitroalkane 

KX 


Ag-NO. 

RONO 

alkylnitnte 

AgX 
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Alkyl halides thus serve as the starting materials for the preparation of many 
different classes of organic compounds Nucleophilic substitution of alkyl halides 
is one of the most useful organic reactions. 

Nucleophilic aromatic substitutions are much less important in synthesis due to 
the low reactivity of aryl halides. Chlorobenzene is converted to phenol by aqueous 
NaOH and reacting under pressure at temperatures over 575K The presence of 
mtro group at o-or p-position to halogen greatly enhances the reactivity. 

16.7-2 DF.HYDROHALOGENATION REACTIONS 

We have mentioned about these reactions in the preparation of alkenes from alkyl 
halides Using etbanolic KOH (Part 1). 
p a OH- 

CH 3 CH 2 X-v CH 2 = CH 2 + H 2 0 + X- 

The yield of alkene is fair with primary halides and very good for secondary and 
tertiary halides. 

Such dehydrohalogenation reactions are classified as ^-elimination reactions as 
the hydrogen atom is eliminated from the ^-carbon in the molecule. 

16.7-3 REACTION WITH MAGNESIUM 

When a solution of an alkyl halide in diethyl ether is allowed to stand over mag¬ 
nesium turnings, the metal gradually dissolves and an organometallic substance, 
R-Mg-X is formed This reagent was developed by Victor Grignard*. Such com¬ 
pounds are named after him as Grignard reagents. 

ether 

CH 3 Br + Mg -> CH 3 MgBr 

methyl magnesium bromide 

ether 

CHgCHjjI + Mg-» CH 3 CH 2 MgI 

ethyl magnesium iodide 

Aryl and vinyl halides also yield Grignard reagents, but less readily than incase 
of alkyl halides. A high boiling solvent such as tetrahydrofuran is used in these 
preparations, in place of ether. 

C„H 5 X + Mg-* QHsMgX 

In Grignard compounds the C—Mg bond is a covalent one, but is highly polar in 
character. 


Grignard received Nobel Prize in 1912 for developing ihii reagent. 
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Grignard reagents are very reactive. They react with several inorganic com¬ 
pounds including water, CO 2 , and oxygen, and a variety of organic compounds. Two 
types of reactions are common: 

(a) Reactions with compounds having active hydrogen atoms such as alcohols, 
water, acids, etc. In these reactions the alkyl or aryl group of Grignard 
reagent always combines with the active hydrogen atom to form a hydro¬ 
carbon, RH. 

/Br 

CHjMgBr + CH 3 OH-► CH 4 + Mg( 

X OCH a 

(b) Addition to a carbonyl group as in aldehydes and ketones followed by 
reaction with water: 


H 

1 /CH, 

H—(VO + Mg( — 
NBr 


formaldehyde 


H 

1 + H.OH 

H-C-0 MgBr- 

CHj 


CHjCHjOH+Mg/ 


OH 

Br 


ethyl alcohol 
(primary alcohol) 


H H H 

| XH a I + HOH | y OH 

CH3-(VO+Mg< -* CH,- C-—OMgBr -— C^-C-OH+Mg^ 

N Br I I N Br 

acetaldehyde CH, CH a 

As we will see in ihe next Unit, this reaction is very useful in the synthesis of alcohols 
of varioiia type* 

CH, CH, 

CH 3 v /CH, | + HOH | /OH 

X C »0-f-Mg< —►CH,— C—OMgBr-►CH,-C-OH + MgX 

CH,/ X Br I I 

acetone CH, CH, 


M.7-4 REACTION WITH SODIUM 

When an alkyl halide reacts with sodium metal in dry ether, a hydrocarbon is 
formed. 

2RX + 2Na —» 2NaX + R-R 

{ 

This reaction is called Wurtz reaction. . 


1< 7-3 REDUCTION 

The alkyl halides can be converted to alkanes by using suitable reducing agents 
(HI + P, H, + catalyst, Zn + HCI, etc.). 

R-X + H, —* R—H + HX 
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16.8 POLYHALOGEN DERIVATIVES 

Alkyl halides are basically raonobalogen substitution derivatives of hydrocarbons; 
^cmc other halogen derivatives having more than one halogen atoms per motamte 
are also useful compounds. These are collectively called polyhalogen derivatives. 
Described below are a few of the commercially useful compounds of this series. 


16.8-t DICHLOROETHANES 


Two dichloroethanes are possible., r, 1-dichloroethane and 1. 2-dichlom«than« 
The former has both the chlorine atoms attached to the same carbon, CHs—CHCl a , 
and the latter has them on the two different carbons, CH 3 C1—-CHgCl. 

H Cl 

1 | 

Ci Cl 

i i 

1 1 

H - C - C-Cl 

I 1 

H - C - C - H 

i i 

1 1 

H H 

l 1 

H H 

t, 1 -dichloroethane 

1 , 2 -dichloroethftne 

or (geminal or gem-dichloroethane) 
or (ethylidene chloride) 

or (vicinal or vic-dichloroethana) 
or (ethylene chloride) 


The disubstttuted halogen compounds with both substituents attached to the same 
carbon of the hydrocarbon $hain are also known as alkylidene halides. This position 
of suh$titucnts iaalso known as geminal position. Thus 1, l-dichlorocthana is also 
Renown ii gem —dichloroethane and ethylidene chloride. When the two halogen atoms 
^re attached to the adjacent carbon atoms, this position is called the vicinal position 
and such halides get the name of alkylene halides Accordingly, I, 2-dichloroethan® 
is also known at vic-dlchloroethane and ethylene chloride. 

Alkylidene halides can be made by reacting aldehydes or ketone® with phospho¬ 
rus pentahalides. 

H H 

CH a -- C - 0 + KU —*• CH 3 - A - Cl + POCl* 

I 

Cl 

i, 1-dichloroethane 
Cl 

CH S — C = 0 + PC1« — > CH 3 —C — Cl + POCla 
I I 

CH, CH 3 

iso-propylidenc chloride or 2, Z-dichloropropane 



alkyl and aryl HALIDES 


They can also be made by adding hydrogen halides to acetylenes. 

+ HX 

CH = CH + HX -* CHo = CHX-► CH 3 - CHX a 

vinyl halide ethyhdene halide 

Alkylene halides are made by adding halogen to olefins. 

CH 2 = CH 2 + Cl 2 -v CH 2 C1 - CH 9 C1 

ethylene chloride 

CH 3 - CH = CH 2 + Br 2 —> CH a - CHBr - CH 2 Br 

propylene bromide 

Ethylene chloride boils at 357K and ethylidene chloride boils at 330K. The 
former on hydrolysis gives the dihydric alcohol, glycol and the latter on hydrolysis 
gives the unstable l, I-dihydroxyethane with the two OH groups attached to the 
same carbon atom. All such compounds lose a molecule of water and in this case 
the product of hydrolysis is found to be acetaldehyde, CH a CHO 


16.8-2 HALO FORMS 

These are trihalogen derivatives of methane. CHC1* is called chlorojorm 
CHBr a , is called bromoform and CHI 3 , iodoform. 


Chloroform is prepared from etnyl alcohol or acetone by the action of chlorine 
and an alkali 9 r by distillation with bleaching powder. These reagents serve the 
triple purpose of oxidizing, chlorinating and hydrolysing agents. The complex 
reactions may be represented by the following stoichiometric steps. 

(0> 6 (Cl) 

CH 3 CH 2 OH-> CH 3 CH 0 ->-+ CCI 3 CHO 

ethanol — KjO acetal- — 3HC1 chloral 
dehyde 


Ca(OH) 2 -f 2CCl a CHO - 


2CHCU + 
chloroform 


a 


O 

I! 

C-H 

\q—G—H 

II 

O 

calcium format's 


CH@ 

\ 6(d) 

C - O-—► 

CH,/ —3HCI 


CCI 3 


\ 


C = o 

CH a "‘ 
trichloroac'-tone 
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O 

II 

o - c - ch 3 

Ca(OH) 2 -f- 2 CCI 3 COCH 3 —► 2CHC1 3 + Caf 

\q - C - CH, 

II 

O 

Reactions in presence of NaOH and chlorine can be similarly stated For getting 
anaesthetic qualityiof pure chloroform, chloral is first separately prepared and then 
distilled wfch aqueous NaOH solution. Chloral is stored in an hydrated form as 
chloral hydrate, CCljCHO.HjO. 

0 

II 

NaOH + CCljCHO-► CHCI 3 4 NaO - C - H 

Chloroform is a heayy, colourless, volatile liquid (b.p., 334K.) with sweetish 
odour and taste It is slightly soluble in water It is a good solvent for oils, fats, 
waxes and resins Inhalation of chloroform vapour induces unconsciousness. It 
is difficult to burn. 

It is slowly oxidized by air in presence of light to the poisonous substance, 
phosgene or carbonyl chloride, COCI 2 . 

light 

2CHClj + O a -* 2COCl a + 2HC1 

This reaction can be largely prevented by keeping chloroform in brown bottles, 
completely filled so that air is kept out. Mixing a little ethanol with chloroform 
checks formation of CQClj and fixes k as non-voiatile ethyl carbonate. 

COCI, + 2 CsHjOH-- Q=»C (° ~ ^ + 2 HCl 

N> - CjHs 

Chloroform to be used as anaesthetic should not give a precipitate with ArNQj 
solution. 

Chloroform and other halo form., can be hydr lysed by boiling with concen¬ 
trated aqueous or ethanplic solutions ,qf alkalies : 


HCCJ 3 +3KOH 


-3KQ 
—HaO** 


0 O 

II +KOH I 

H—C-OH—~—►H-C-OX 


—HjO 



aLxyl amd aryl haudes 
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Wanning chloroform with any primary amine in presence of-alcoholic potash 
yields an offensive smelling isocyanide or carbylamine. This reifctioffi is known as 
carbylamme test for primary amines and chloroform. Other hatoforms react in a 
similar way. Aniline is usually taken as the primary amine for reactions with 
haloforma. 

H Cl 

/ ' 3K.OH 

C«Hs - N 4- Cl - C - H+-► C 5 Hs - NtiC + 3KC1 + 3HjO 

\ 1 (i phenyl iso- 

H Cl cyanide or 

phenyl 

carbylamme) 

Halofornn, when heated with silver powder, lose the halogen atoms and form 
acetylene. 

2 CHX S + 6 Ag-- CH = CH + 6 AgCl 

Iodoform Jest : Formation of iodoform is used as a test for ethaDol, acetalde¬ 
hyde and all such ketones which have a methyi group linked to the carbonyl group. 
Methanol does not give this test. The test is carried out by wanning to 333K the 
substance to be tested with aqueous solutions of sodium carbonate (mild alkali) 
ana iodine, yellow crystalline precipitate of iodoform which can be easily recog¬ 
nized by its form and odour, will be formed if any of the substances listed above 
be present. The reaction for iodoform may be written in the tame way u 
mentioned for chloroform : 

RCOCHj 4- 31* 4- 4 NaOH CHT S + RCOONa 4- 3 Nal 4- 3HsQ 
K.a-3. SOME CHLORO SOLVEN1S AND INSECTICIDES 

Carbon tetrachloride or tetrach'oromethane (CC1<) is a commercially important 
solvent. Its boiling point (s 3 V3K It is practically insoluble in water and i* a 
good solvent for most organic substances Its vapour is heavy, non-in flamable and 
stable. It is used as fire extinguisher under the name pyrene. In contact with fire 
it c&n form poisonous substance, phosgene (COCI*). Thus care needs to be taken 
when pyrene is used for extinguishing fires. 


Westron or acetylene tetrachloride, CHO* CHQt, in a heavy non-inflammable 
liquid, boiling at 419K It a t good solvent for oils, paints, vamisbes, rubber, 
etc. 
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Wcstroiol or trichloroethylene, CHCI = CCI 2 , is a better solvent than westron 
and has a lower boiling point of 363K. It is useful in dry-cleaning of clothes 

Freon or dichlorodifluoromethane, CCl 2 F 2 > is a non-toxic, non-inflammable, 
easily liquefiable gas, used as a refrigerant and as propellent in aerosols and foams. 

DDT is an important commercial insecticide It is 2,2-bis-(p-chlorophenyl) 
-1,1,1-trichloroethane. 



It was given the trade name DDT on the basis of its initial (though erroneous) 
name dichlorodiphenyl tnchloroethane. 

BHC, benzene hexachloridc or hexachlorocydohexane, CeHeCl« is an important 
agricultural pesticide, chiclty used for exterminating termite white ants) from soil. 
It ocours in a number of stereoisomers. Only the y (gamma)-isomer has good 
insecticidal action. It also goes by the trade names of gammexane, Undone and 666. 
Hexachlorobenzene, QCI#, is insoluble in water and a much poorer insecticide. 

Chlordane or chlordom is another chloroinsecticide It is chlorinated hexa- 
hydromethanoindene. 

One should be very careful in using these insecticides as they are also poisonous 
for human beings and animals and what is worse is that they are accumulated in 
our bodies and eventually produce unremediable harms. 

16.9 HALOGEN DETECTION 

Presence of a halogen in an organic compound can be detected in a number of 
ways A halogen atom linked to a single bonded carbon atom which is linked to 
other carbon atoms in the molecule by single bonds, easily reacts with reagents 
like aqueous and alcoholic alkalies, ammonia and ethoxide to form water soluble 
halides. These can be detected with AgNOa- An alcoholic solution of AgNOa 
gives a precipitate of silver halides on warming in such cases. 

When the halogen is present on a carbon atom bonded, to another Carbon atom 
by a'double bond, it will not easily react with the above mentioned reagents. 
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However, all halogen derivatives react with fused metallic sodium forming sodium 
halides (Part I, Sec 19.2). 


EXERCISES 


16.1 Explain the following terms: 

(a) optical activity, 

(c) plane of symmetry, 

(e) racemic modification, 

(g) mirror plane, 

(i) configuration, 

(k) meso isomer. 


(b) specific rotation, 

(d) resolution, 

(f) polarimeter, 

(h) racemisation, 

(j) monochromatic light, 
(I) polarised light 


16.2 Which of the following are optically active compounds : 


(a) n-butanol, (b) 4-hydroxy heptane, 

(c) 2-chlorobutane, and (d) 3-chloropentane. 


16.3 Explain the following . 

(ai The physical properties o geometric isomers are different vhile those of opt,cal isomers 
are the same. 

(b) Ally) chloride [CHi = CH— CHiCl] is hydrolysed moie readily than propyleblonde. 

(c) The boiling point of ethyl bromide is higher than that or ethyl chloride. 

(d) The treatment of an alkyl chloride with aq. KOH leads to the formation of alcohols 
whereas in the,presence of alcoholic KOH alkenes are the major products. 


16,4 How many optically active isomers are possible for each of the following 


(a) CH, - CH - CH - CH, 

Cl dll 

(c) CH, - CH - CH.CH, 

I 

Cl 

D 

(e) CH.-C-C! 

I 

H 


(b) CH, - CH - CH, — C At - CH — CH, 


Cl 

(d) CH, - CH — CH, 

1 

Cl 


C’ 


16.5 Write all the possible structures for a compound with a molecular formula C,Hn Br. Name 
these according to IUPAC nomenclature How many optically active (yomers are possible? 

16-6 Discuss four methods for the preparation of alkyl chlorides? Give one reason Why (he 
organic halogen compounds used as solvents in industry are chlorides rather than 
bromides. 
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16 7 How will you convert 

(a) benzene —■+ m-mtrochlorobenzene 

(b) benzet^ —* o*nitrochlorobenzene 

(c) toluene —■* benzyl chloride 

(d) 2 -propanol-► 1-bromopropane 

(e) n»pioponol - *■ l-mtropropane 

(f) 2-methyM-propcne-► 2-chloro-2-rtieihyl pi opnne 

(g) ethyl chloride -► ethyl amine 

(h) n-propyl bromide-► iso-propy! brom de 

16.8 How wilt you disiinguish between (give chemical tests' 

(a) C.H.CI and C,H U CI 

(b) CH 3 CH.CH.Br and CH, -CH-CH.Br 
(0 C.H.CI and C.H.CH.C! 

(d) C.H.CH.CI andC,H,CH,Br 

16 9 Ho* will you convert 2 -chlorobutane into • 

(a) >frc butyl ethyl ether 

(b) 2 butanol 
(0 2 -buicne 

(d) 2 -annnobuiane 

(c) 2-nttrebuiiine 

(f) mbutane 

(g) 3,4-dimethy! hexane 



UNIT 17 


Compounds with Functional Groups 
Containing Oxygen 


The compounds with oxygen containing fundtitfb^l groups are* 
Alcohols and phenols —OH 

Ethers — O— 


Aldehydes 

Ketones 

Carboxylic acids 
Derivatives of acids 

Acid or acyl ihal ides 

Acid amides 

Acid'anhydrides 


O 

li 

-C-H 

^>C ** o 

0 

II 

-C—OH 



Estes® 


O 

V 

S.—C—OR 
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17.1 ALCOHOLS AND PHENOLS 

Alcohols and phenols are the compounds in which one or more hydroxyl groups 
(—OH) are present as functional groups. In an alcohol the-OH group is attached to 
an alkyl group and in a phenol it is attached to an aromatic ring. 

CHj 

CHaCHjOH CH»-C-OH 

I 

CH S 

ethyl alcohol terf-butyl alcohol phenol benzyl alcohol 

Alcohols having one OH group per molecule are called rnonohydric alcohols* 1 . 
We are already familiar with the classification of carbon atoms in a chain as primary, 
secondary and tertiary carbons based on the number of other carbon atoms attached 
to them (Parti). Alcohols are also classified as primary, secondary or tertiary 
alcohols depending upon the type of carbon carrying the OH group. 


Hr * 

I I | 

R-C-OH R-C-OH R—C—OH 

J. I I 


H 

primary 

alcohol 

H R 

secondary tertiary 

alcohol alcohol 


tt.M NOMENCLATURE 



The trivial and IUPAC names of the first few members of 
follows : 

"icohol* serie* are as 

Molecular formula 

Trivial name 

IUPAC name 

CHjOH 

met by 1 alcohol 

methanol 

CHjCH a OH 

ethyl alcohol 

ethanol 

CHjCHjCHjOH 

n-propyl alcohol 

1-propanol 

CH a s 

;choh 

CK/ 

fro-propyl alcohol 

2-propanol 


" Coy Bada with wi ihaa one hydroxyl gwupg pw motecata aw discussal to eta SJaSe-IS ea 
®wsfaactie%S wssajaasafe. 



COMPOUNDS WITH FUNCTIONAL GROUPS CONTAINING OXYGEN 


237 


In IUPAC nomenclature ‘e’ of the corresponding alkane is replaced by 'ol’ 
and a numerical prefix is used to indicate the position of OH group on the carbon 
chain. Since OH is the functional group, the largest carbon chain involving this 
group is selected as the parent chain and the numbering is done in such a way that 
the carbon with the OH group gets the lowest possible number. 

Cl 

CH 3 -CH 2 —CH 2 —CH-CH 3 CH a —CH—C—CH a OH 

! I|‘ 

OH Cl Cl 

2-pentanol 2, 2, 3-trichlorobutanol 

4 3 2 1 

CH 3 —CH—CH 2 — CH 2 OH- 

ch 3 

3-methyl butanol 

Substituted phenol# are named as the derivatives of simplest aromatic hydroxy com¬ 
pound phenol. Methyl phenols are called cresols. 


CH 2 — ch 2 oh 

2-phenyl ethanol 



m-bromophenol o-cresol p-cresol 

17,1-2 LABORATORY PREPARATION 

A, ALCOHOLS 

1. From aldehyde and ketones 

(a) By Grignard reagents : Crignard reagents react with aldehydes and ketones 
to give secondary and tertiary alcohols respectively. Formaldehyde gives primary 
alcohols. 

H 

I H v yR H,0 yX 

H— C=0 -f- RMgX —► - >-RCH 8 OH +Mg 

W X OMgX X QH 
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Thus ethyl alcohol will be formed by reacting formaldehyde with CH 3 -Mg-X 


H H H X 

I ! +H a o I / 

R'—C=0 + RMgX-► R'-C—OMgX-> R'-C-OH + Mg 

R R OH 

R" R’ R' X 

! I +h 2 o | / 

R'-C=0 + RMgX-»R'-C—OMgX-» R'-C—OH + Mg 

R . R OH 

(b) By reduction of aldehydes and ketones : Aldehydes are reduced to primary 
alcohols whereas ketones are reduced to secondary alcohols. The normal reducing 
agents used are LiAlH 4 and H 2 in presence of a catalyst (Ni, Pt or Pd). 


H 

I 

R-C=0 4- 2H - 

R—-C=0 + 2H 

i- 


RCH 2 OH 
R- CH-OH 

A- 


2. By hydrolysis of alkyl halides 

We have already studied that alkyl halides are hydrolyzed by aqueous alkalies to 
the corresponding alcohols 

RX + OH" —► ROH + X" 

B PHENOLS 

Phenols are prepared in the laboratory by the hydrolysis of diazonium salts, 
warming 

Ar N 2 + X~ + H a O-v ArOH + N 2 + HX 

We will study more about this reaction under amines (Unit 18) 

Industrial Preparations 

There are two main industrial sources for alcohols 

(i) Hydration of alkenes 

(ii) Fermentation of carbohydrates 

(i) Hydration of alkenes : We have already studied that alkcncs can be obtained 
by cracking of petroleum and can be separated from the mixture by fractionation. 



COMPOUND? WITH FUNCTIONAL GROUPS CONTAINING OXYOEN 


23* 

These can be readily converted into alcohols by the addition of water in the presence 
of sulphuric racid. 

H 2 S0 4 

CH a =CH 2 -- CH 3 CH 2 OH 

+ H 2 0 

H 2 SO* „ 

(CH 3 )*C-CH 2 -*> (CH 3 ) J C-CH 3 

+ HiO I 


{if) Fermentation of carbohydrates : The oldest method for Ihe manufacture of 
ethyl alcohol is fermentation* of sugars by yeast** The industrial sources for 
sugar are molasses, sugar rich fruit juices and starch (from potatoes, maize barley, 
etc.), 

From Sugar 

InveHase*-** 

Ci 2 H 2 *Oii + H S 0-► QHi 2 Oe + CgHnOe 

Sucrose glucose fructose 

Zymase*** 

QH u O«-——► 2C 2 HbOH + 2CO a 

glucose 

or 

fructose 
From Starch ; 

Diastase 

2 (CgHioO^n + nH 2 0-► nCiaH^Ou 

maltose 

Maltase*** 

CuHttOu + H 2 0 -v--► 2CeHuOe 

glucose 

Zymase*** 

C|H]iO|--► 2 CjHjOH + 2 COj 

[a addition to ethyl alcohol, a small amount of fusel oil (mixture of mostly higher 
primary alcohols) is also obtained whei^ starch is fermented. 


* Fermentation : Degradation of organic compounds into simpler compounds with the help 
of enzymes. 

** Yeast is a source of different enzymes. 

Enxytmt 

(Enzymes am complex organic compounds .which catalyze specific chemical reactions taking 
place in living organism. Invertase, zymase, diastase, maltase an examples of enzymes). 
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Methanol is obtained as a by-|>roduct by the destructive destination of wood 
during the manufacture of charcoal. Methanol is also manufactured by passing a 
mixture of carbon monoxide and hydrogen over O 2 O 3 ZnO at 673K. 

623-673K 

CO 4- 2H 2 -► CH 3 OH 

Cr^Og. ZnO 

Phenols and cresols are obtained from the middle fraction 443-503K obtained by 
coal tar distillation. Synthetically phenol is manufactured by the fusion of sodium 
benzene sulphonate with aikali and the reaction of chlorobenzene with aqueous 
sodium hydroxide under high temperature and piessuie conditions (Dow process) 



17.1-3 PHYSICAL PROPERTIES 

The physical properties of alcohols may be considered as a combined effect of 
the presence of non-polar hydrocarbon part and the polar hydroxyl group in the 
molecule. 

The boiling points of alcohols increase with an increase in molecular mass In 
isomeric alcohols increased branching in the hydrocarbon part reduces the boiling 
point. This trend is similar to that in alkanes, (Part I) 

The rnnst prominent property of hydroxy compounds is association of their 
molecules through hydrogen bonding. Alcohols have higher boiling points than 
the corresponding hydrocarbons and alkyl halides. For example, methyl alcohol 
has ft much higher b. p, as compared to methyl halides and methane. 

Compounds CH 4 CH 3 CI CHgBr CH 3 OH 
bp. (K) 111 249 278 337.5. 

The reason for this difference lies , in the much higher polarity of the — OH 
group. This results in slrong hydrogen bonding amongst alcohol molecules 
(compare with H»0, b. p. 373 K). 
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...o - H.O - H ... . O - H .o - H ... 

till 

R R R R 

It takes quite a ferg amount of energy to break the extensive hydrogen bonds 
v^hich hold so many alcohol molecules together. Consequently the boiling points 
of alcohols are significantly higher than the corresponding hydrocarbons 

Solubility of an alcohol in water depends upon the capacity of its molecules to 
brm hydrogen bonds with water molecules. Both in alcohols and in water, the 
molecules are held together by inter-molecular forces of similar kind the energy 
equired to break association between two alcohol molecules or between two waters 
molecules is provided by the hydrogen bond formations between a water and an 
alcohol molecule. Alcohols of lower molecular masses are completely miscible 
with water The hydrocarbon/ part of an alcohol molecule resists entering into 
water and when the hydrocarbon part becomes larger, the 1 solubility effect of OH 
group is outweighed by the large repulsive effect of non-polar portion of alcohol 
and then the alcohol becomes insoluble in water. Thus solubility of alcohols m 
water decreases with the lengthening of the hydrocarbon chain. 

Phenols also have higher boiling pointaUhan aromatic hydrocarbons because of 
intermplecular hydrogen bonding. , Most phenols are sparingly soluble in water 
because of the larger hydrocarbon part in the molecule (only 9g of phenol dissolves 
in lOOg of water). 

17,1-4 CHEMICAL REACTIONS OF ALCOHOLS AND PHENOLS 
Chemical reactions of alcohols (R— OH) are of two types . 

(1), Involving cleavage of carbon-oxygen bond ( C4- OH) with removal or 
su bs titution of OH group, and (2) Involving cleavage-of oxygen-hydrogen hond 
CO-L-H) with removal or substitution t>f hydrogen atom. 


(1> Cleavage of car boo-oxygen bond 


-C-QH 


(i) Reactions with mineral adds like fI%SO 4, HBr, HCI, etc. : Because of the 
lone pairs of electrons on the oxygen atom, alcohols behave as weak bases In the 
presence of strong mineral acids, they undergo protonation to give positively charged 

R—6—H+ H + -- ft-O-H 

” I 

H 

oxonium ions in which the positive charge on the oxygen atom considerably weakens 
theC-O bond. Neutral H|0 being good leaving group (unlike OH"), facilitates 
Various reactions in which the -OH group gets replbced. 
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We have seen in the preparation of alkyl halides that alcohols readily react with 
hydrogen halides to give alkyl halides and water. This reaction is normally carried 
out by passing dry hydrogen halides into heated alcohol or by heating the alcohol 
with concentrated hydrogen halide solution. 

CHa-CHCHg + dry HBr-► CHa-CH-CH 8 

I I 

OH Br 

(CKa)aC-OH + HC1 -► (CH a ) a C-Cl 

Anhydrous zinc chloride or some other, suitable dehydrating agent may be added to 
absorb water formed in the reaction and to enable the reaction to go to completion. 

-H a O 

CH a CH a OH + HC1-► CH a CH a Ci 

Heat, ZnCla 

Tertiary alcohols are found to be most reactive in such reactions; they are 
followed by secondary alcohols and reactivity of primary alcohols is the least 

The order of reactivity of various halogen acids is Hl>HBr>HCl. This is 
because I" is a better nucleopile than Br" which in turn is better than Cl". 

The acidic nature of phenolio-OH group makes protonation of oxygen less 
feasible. So the phenols do not undergo reactions involving substitution of OH 
groups like alcohols. 

(ii) Dehydration of alcohols: When ethanol and-higher alcohols arc heated 
above 423 K with concentrated mineral. acids, especially H a SO*, they undrgo 
dehydration to form olefins. 

HjS0 4 , 443 K 

QhsOH -► CHj = CH a 

-H a O 

In these reactions also, first protonation of aicohol takes place. This is followed by 
loss of water and proton from adjacent carbon atom. 

The ease of dehydration of alcohols is in the order 

tertiary > secondary > primary 

If less than one equivalent of sulphuric acid is used, and the temperature is kept 
below 423K. many alcohols can be converted into corresponding ethers by loss of 
. a water molecule from two molecules of the alcohol. 

H a SO«, 413 K 

CtHaOH + HOC*Hs — -- CtHaOCiHa 

—HgO diethyl ether 
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By using less than one equivalent of mineral acid, some algshol molecules remain 
unprotonated and these can lead to loss of water from the protonated alcohol 
molecules. 

+/H -H 2 0 

ch 3 -ch 2 o( + hoch 2 -ch 3 -*■ c 2 h 5 -o-c 2 h 6 

(protonated) 'H (unprotonated), — H + 

If the temperature is raised beyond 423 K, »!efin is formed Lewis acids like 
A1 2 Oj can be used in place of mineral acids both for dehydration of alcohols to 
alkenes and preparation of ethers. 

(ni) Reaction with PX$ : Alcohols are easily converted into the corresponding 
halides by reaction with phosphorus trihalides (PX 3 j or thionyl halides (SOX 2 ), 

3 CH s CH 2 OH + PBr a -* 3 CH a CH a Br +• H 3 P0 3 

CH 3 CH 2 OH + SOCl 2 -► CH 3 CH 2 C1 + S0 2 + HC1 

(2) Cleavage of oxygen-hydrogen bond 

(i) Acid-base character-. We have seen above that alcohols behave as bases 
and get protonated by strong acids. They can also act as weak acids and as such 
undergo a replacement of hydrogen of the highly polar oxygen-hydrogen bond by 
some more electropositive elements to form alkoxides, RO - M + , 

ROH + Na-*■ RO-Na+- + * H 2 

The older of acidity of various akbohojs is primary > secondary > tertiary. Wit 
the increase in the number of alkyl .groups as we go from primary to secondary t 
tertiary alcohol, it becomes more difficult for the OH hydrogen to be replaced b 
electropositive elements. Phenols are much more acidic than alcohols and easil 
react with sodium or potassium hydroxide to form salts. These salts are solubl 
in water. 



sodium pbenoxide. 

The dissociation constants, K.& fas acids) for alcohol, water and phenol ar® 1 x 10" 1 
IxlO -14 and 1.02 xlO -10 respectively. Water being a stronger acid than alcohe 
decomposes alkoxides to give back alcohols and metals hydroxides. ' Phenoxide 
regenerate phenol only on treatment with acids stronger than phenols. 

(ii) Oxidation of alcohols : The product of pxidation of an alcohol depend 
upon the number of hydrogens present on the carbon carrying the OH oroup. A 
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room temperature primary alcohols are oxidized to carboxylic acids by the common 
oxidizing agents like potassium permanganate or acidified potassium dichromate. 
Aldehydes are formed as intermediate products 

O O 

-H 2 0 II +(Q) II 

RCH a OH + (O)-* R-C-H ——» R-C-OH 

primary aldehyde acid 

alcohol 

Aldehydes are lower boiling and acids are higher boiling than the original alcohols. By 
running the oxidation at a, temperature below the boiling point of alcohol and above 
that of aldehyde, it is possible to dfitil off the aldehyde from 'the reaction mixture. 

Another method of getting aldehydes from primary alcohols is dehydrogenation 
process which is usually carried out by passing alcohol vapour over copper heated 
to 571 k. 

O 

Cu, 573 K || 

CH 3 CHiOH-► CH a -C-H + H 2 


Secondary alcohols on oxidation give ketones and these arc resistant to further 
oxidatfon under leaf drastic conditions. The ketones can also be prepared by the 
dehydrogenation process. 


CH3 >choh 

ch/ 

-HO) ch 3 . 

--+ >c 

-h 2 o ch/ 

CH 3x 

>CHOH 

CH/ 

-h 2 

CH a . 

Cu, 57J 

ch 3 


O 


^>c=o 


In tertiary alcohols there is no hydrogen on the carbon carrying the OH group. 
Consequently, tertiary alcohols resist oxidation and undergo instead a dehydration 
reaction to give alkenes. The alkene formed may get further oxidized. 

(in) Ester formation : Alcohols and phenols react with carboxylic acids to form 
esters. The reaction needs to be catalvzed by strong acids and dehydrating agents. 
It ^otherwise a reversible reaction. 


H 

ROH + R'COOH ** RCOOR' + H 2 0 

In the laboratory, esters can be conveniently prepared by the reaction of acid 
chlorides or acid anhydrides with alcoho-ls or phenols in the presence of a base such 
as pyridine. The base removes the acid which is formed as a product, of reaction. 
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(base) 

CflH 5 OH + CflH 6 COCl-► C # H 6 COOC 6 H 5 + HC1 

O 

(base) II 

(CH 3 C0) 2 0 + QHsOH-> CHa-C-OCeHs + CH 3 COOH 

We shall learn more about this reaction in a later section 

Ring Substitution in Phenol 

We know that OH group is an ortho/para directing group (Part 1 of this book). 
Phenols readily undergo substitution giving mixture of ortho and para substitution 
products. 

( 1 ) Bromination: Phenol is readily converted into 2, 4, 6 -trtbromophenol on treat¬ 
ment with bromine water. 



Monobrotnophenols can be obtained by carrying out the substitution in presence of 
less polar solvents like CS 2 and at low temperature. 

( 11 ) Nitration: Nitration of phenol with concentrated nitric acid giVcj2, 4 6 - 
trimtrophenol (picric acid) * Nitration at low temperatures using dilute nluic acid 
yields a mononitration product. 



o-nitrophenol p-nitrophenol phenol 2,4,6-trinitrophcDol 


(iJi) Kolbe's reaction. When sodium phenoxide >s heated with carbon dioxide 
at 460K under a pressure of 4 to 7 atmospheres and the product is acidified, we get 


Picric acid explodes on deidnaiion in the dry state and is used as a high explosive in shell 
bombs and torpedoes and is kept under water. 
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o-hydroxy benzoic acid, Known as salicylic acid This reaction is called Kolbe's 
reaction, A small amount of p-hydroxy benzoic acid is also formed. 



sodium salicylate salicylic acid 

(iv) Reimer-fttmann reaction ■ Treatment of phenol with chloroform in the 
presence of aqueous alkali at 340K followed by hydrolysis of the resulting product 
gives o-hydroxy benzaldehyde (salicylaldehyde). This reaction is known as Reimer- 
Tiemann reaction. 

OH 

NaOH 

•fCHCl a -, 

340 K 

i H< 

OH 

salicylaldehyde 





17.1-S MEtHODS FOR DIFFERENTIATING PRIMARY, 

SECONDARY AND TERTIARY ALCOHOLS 

(i) Oxidation Test : A primary alcohol qn oxidation gives an aldehyde which 
gets further oxidized to a carboxylic acid, each having the same number of carbons 
as the original alcohol. A secondary alcohol on oxidation is converted into a ketone 
containing the same number of carbons. -It does not undergo further oxidation. 
Only under drastic conditions a ketone may be oxidized further to a mixture of 
carboxylic acids each containing a lesser number of carbon atoms than the original 
alcohol. A tertiary alcohol is not oxidized under normal conditions. If acid be present, 
it gets dehydrated to an olefin which may be further oxidized. 

(ii) Lucas Test; This test is based on the difference in reactivity of primary, 
secondary and tertiary alcohols towards hydrochloric acid. It involves the treatment 
of the alcohol with the Lucas reagent, which is a solution of zinc chloride in concen- 
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trated hydrochloric acid. The alcohol reacts with the reagent to give the corres¬ 
ponding alkyl chloride. However, we know that lower alcohols (upto six carbon 
atoms) are soluble in water and the corresponding alkyl chlorides are insoluble in 
water. The formation of an alkyl chloride is detected by Ihe appearance of a separate 
layer or cloudiness. Tertiary alcohols react immediately, secondary alcohols take a 
few mimrtes time to give cloudiness Primary alcohols do not react at all at room 
temperatures and hence no cloudiness is observed in their case 

17.1- 6 TESTS FOR PHENOLS 

Phenols are stronger acids than water but weaker acids than carboxylic acidg 
Thus a water insoluble compound that dissolves in aqueous sodium hydroxide but 
not in aqueous sodium bicarbonate is most likly a phenol. Phenols also form 
coloured complexes (usually blue, violet and green) with neutral ferric chloride. 

17.1- 7 ABSOLUTE ALCOHOL 

Fractional distillation of an aqueous solution of ethyl alcohol yields rectified 
spirit containing a maximum of about 95% ethanol, As the vapour obtained from 
it on distillation has the same composition as the liquid itself, it is not nossible to get 
more concentraied alcohol by further fractionation In order to get 100 per cent 
ethanol (known as absolute alcohol ) rectified spirit is mixed with some benzene and 
the mix'ure is subjected afresh to fractional distillation A mixture containing all 
the water, some alcohol and some benzene distils out first at about ^33 K Remaining 
benzene and some more alcohol distils over next at a slightly higher temperature. 
Pure alcohol is left as a residue and distils, the last. 

17.1- 8 INDUSTRIAL ALCOHOL 

The manufacture and sale of alcohol is under Government’s control because of 
its use in beverages like beer, whisky, brandy, etc. Use of alcohol for beverages ib 
highly taxed. ' 

Ethyl alcohol is a&o very important for various chemical industries and is taxed 
at much lower rates for these industries The solvent alcohol for industries is avail¬ 
able after mixing with poisonous substances like methanol, rubber distillates and 
gasoline This makes it'unfit for drinking purposes and is,sold under the- name of 
denatured alcohol or methylated spirit. Some ethanol is also mixed with petrol 
hydrocarbons for use as fuel in automobiles, such alcohol is called power alcohol 

17.1- 9 TOXICITY OF ALCOHOLS 

The toxicity of alcohols varies from compound to compound. Thus methyl alcohol 
is highly toxic and small amounts taken internally may produce blindness or may 
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even Jje fatal Ethyl alcohol is non-toxic but produces definite physiological effects. 
It disturbs the brain activity and slows down its functions. 

I7.1-T0 USES OF ALCOHOI.9 AND PHENOLS 

Meihanol is largely used as a solvent in the plastics and textile industries It is 
also usee for the production of formaldehyde, for power boosters in gasoline 
engines and for antifreezes. Commercial airliners burn a caiburettor injection 
mixture of 60% methanol and 40% water which increases power on take-off Ethanol 
is used as a. solvent and as a starting material for synthetic products such as 
lacquers, varnishes, perfumes and cosmetics, dyes, inks, synthetic rubber, etc, 

A. large fraction of phenol supply goes into the production of bakelite plastics and 
rcsiijs. phenols are also used in preparing drugs, dyes, perfumes, local anesthetics, etc. 

17.2 ETHERS 

The genera! formula for ethers is R— O—R'. R and R' may be alkyl or aryl 
radicals, If both the groups are the same, the ether is said to be a symmetrical or 
simple ether and if different, unsymmetrical or mixed ether. 


HaQs-O-CsHa 


diethyl ether 



phenyl .ethyl ether 



diphenyl ether 


17.2-1 NOMENCLATURE 


The trivial and TUPAC names of the first few members are given below • 


Molecular formula 

Trivial name 

IUPAC name 

CHa-O-CHa 

Dimethyl ether 

Methoxymethane 

CHg—0—C*Ha 

Methyl ethyl ether 

Methoxyethane 

CaHs-O-CjHj 

Diethyl ether 

Ethoxyethane 


In the trivial nomenclature, the names of two alkyl groups are written separately 
and are followed by the word ether, According to JUPAC nomenclature, the sim¬ 
pler of the two alkyl groups is made the alkoxy derivative followed by the alkane from 
which the other alkyl group is derived and the name is written as one word. If 8 
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hydroxyl group is also present in the ether molecule, the compound is considered as 
the derivative of the aicohol and the ether group is named as an alkoxy suhstfrutem 


OH 

CHs-CHa-CHfi-CHa-CH-CH, |^Sj CH 3 OCH 2 CH 2 OH 

OCH ? CHs 

OCH 3 

2 -ethoxyhexane />-tfethoxyphenol 2-methoxyethanol 

17.2-2 LABORATORY PREPARATION OF ETHERS 

Ethers are prepared in the laboratory by the reaction of corresponding alkoxides 
or phenoxides with alkyl halides. This method is known as Williamsons synthesis 
of ethers and may be used for the preparation of symmetrical as well as unsymme- 
trical ethers 


RONa +. R'X' —* ROR' -f NaX 


CHjCHjONa + CH 8 CH a I —*• CH 8 CH a OCH 2 CH a 



+ CHjCH a CH 2 Br 


o- 


OCH 2 CH 2 CH 3 


This reaction has it? limitations especially with tertiary halides, where the elimi- 
nation reaction is a competitive reaction due to strongly basic nature of sodium alko¬ 
xides. 


-HI 

(CHa)aCI-- (CH a ) a C - CH S 

RONa 

.. S ° jf llC pIanoin 8 the synthesis of ethers having a tertiary alkyl group as one of 
the alkyl groups in R-O-R', alkoxide from tertiary alcohol is allowed to react with 

/;^? e,t0prepare(CH ^ C - O - CH 2 CH 8 we will start with 
(CH^CONa and CH a CH a Br and not with (CH 8 ),C-Br and CH a CH a ONa. Aryl- 
alkyl ethers are industrially prepared by WiUiamspns synthesis. 

17.2-3 PHYSICAL PROPERTIES 

(C-O-Q bond angle is ebon. 110". So the dipole 
momenta of (he two C—O bond, do no. emscel. Tbmefore, elbers have some ne« 
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dipole moments (1.18 D) which is however smaller than for alcohols. 



Ethers are weakly polar compounds. Ethers have boiling points nearer to the 
alkanes of comparable molecular masses than to alcohols. Boiling points of methyl 
ethyl ether and n-butane arc 281K and 268K, respectively. Ethers show nearly the 
same solubility in water as the isomeric alcohols. Diethyl ether and n-butyl alcohol 
have nearly the same solubility in water (about 8g per lOOg of water). This may be 
due to some hydrogen bonding possible between water and ether through the oxygen 
atoms in ether molecules 

R—O.H-O-H 

I 

R' 

This solubility or ether in water can be reduced to less than half value by satura¬ 
ting the water with common salt (salting out). Ethers arc quite similar in nature to 
hydrocarbons. So ethers are also soluble in hydrocarbons and other non-polar 
solvents. 

17.2-4 REACTIONS 
(0 Cleavage 

Ethers are much less reactive than compounds containing other functional groups. 
This lack of activity towards most of the reagents makes them useful solvents and 
media for various reactions They do not react with active metals like sodium or 
with strong bases like NaOH. Ethers are neither influenced by reducing nor by 
oxidizing agents unless drastic conditions are used. However, ethers undergo cleavage 
with concentrated acids under high temperatures. The alkyl group is separated from 
the alkoxy group 

r H 
295-305K | 

R-O-R’ + HI-► R-O-R' 

+ 

H 

R'OH + HI — ► ( R'-O-H + T) —* R'l + H 8 0 

+ 


-*• R 


'OH 4- RI 
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This cleavage is normally carried out with hydrogen iodide though hydrogen 
bromide, HBr is also effective First the ether molecule gets protonated and then 
reacts with 1 ion to form molecules of alcohol and alkyl iodide. The alcohol thus 
produced further reacts with H + to form R—O—H 

I 

H 


This reacts with I" ions forming the other alkyl halide molecule 

The cleavage reaction of mixed ethers in which one group is aliphatic, and the 
other aromatic, produces phenol and a molecule of alkyl iodide is foirocd Phenol 
does not react further as it resists protonation. 

(ii) Peroxide formation 

Ethers on standing in contact with air are slowly converted into peroxides These 
peroxides are present in old bottles of ethers in low concentrations They are ther¬ 
mally unstable and violent explosions are Sometimes caused during distillation of old 
samples of ethers. 

CH 3 

0 2 | 

(CH 3 ) a CH-0 -CH(CH 3 )o - (CH 3 ) 2 CH-0- c-o-o- h 

h 3 

The presence of peroxide in an ether may be detected by shaking it with a freshly 
prepared aqueous solution of ferrous ammonium sulphate and then adding potassium 
thiocyanate. The peroxide present oxidizes the ferrous salt to the ferric state, which 
then reacts with the thiocyanate ion to give the red colour of ferric thiocyanate 

SCN- 

Peroxides + Fe**-* Fe 3r -v Fe(SCN )3 (red) 

Peroxides can be removed from ethers by washing them with a solution of a ferrous 
salt or by distilling tnem with concentrated sulphuric acid. 

(iii) King substitution in aromatic ethers 

When the alkoxy group,—OR is attached to a benzene ring, it directs new entrant 
groups to the ortho and para positions. 




NO* 

p-nitjognisole p-nitroanisolp 
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chemistry 


Diethyl ether is used in surgery as a general anaesthetic. It is easy to administer 
and bring about excellent relaxation of muscles. It is also used as an industrial 
5©lvent for oils, fats, gums and resins and as an extracting solvent. 

17.3 ALDEHYDES AND KETONES 

The aldehydes and ketones contain the carbonyl group, >C=0 in their struc- 

O O 

II II 

tures The general formulae for aldehydes and ketones are R-C-H and R-C-R' 
respectively Here R and R' could be aliphatic or aromatic and they could be the 
same or different groups. 

>7,31 NOMENCLATURE \Nd STRUCTURAL FEATURES 

The trivial and HJPAC flames of the first few members of the homologous series 
of aldehydes ar£ ghfen below The trivial names of aldehydes follow from the names 
of acids obtained by Iheir dxitjalion. 


A fafe$u!ar formula. 

Trivial name 

IUPAC name 

HCHO 

Formaldehyde 

Methanal 

CHaCHO 

Acetaldehyde 

Etharial 

CH 3 CH 2 CHO 

Propionaldehyde 

Propanal 

CH 3 CH 2 CH 2 CHO 

n-butyraldehyde 

Butanal 


In IUPAC nomenclature of an aldehyde the class stiffi* is ‘ aV . The carbon of the 
carbonyl group is regarded as the first in the chain of carbon atoms. The longest chain 
including the -CHO group is selected as the parent hydrocarbon and the aldehyde is 
named by replacing the ‘e’ of,the corresponding alkane bv ‘al\ 


4 3 2 1 

ch 9 -ch 2 -ch-cho 


5 4 3 2 1 

Br-CH 2 -CH 2 -CH-CH-CHO 


CH 3 

2 -methyl butanal 


Bi CHa-CHs 
3. 5-dibromo-2-ethylpentanaJ 
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The simplest aromatic aldehyde is benzaldehyde and the names of the other aldehydes 
may be derived from it 



benzaldehyde wi-mtrobenzaldehyde o-hydroxybenzaldehyde oi 

(sahcy I aldehyde) 

The trivial names of most of aliphatic ketones are given by naming both the alkyl 
groups attached to the carbon of the carbonyl group ( >C=0 ) followed by the'word 
ketone In TUPAC nomenclature, the longest carbon chain including the ketone 
function is selected. The carbon chain is numbered from end to end 'so as to give 
lowest number to the carbon of the carbonyl group. The name of the ketone is 
derived from that of the corresponding alkane by replacing ‘e’ of alkane by ‘one’ and 
specifying the position of carbon of carbonyl group by a numeral, if necessary. 
Some examples of ketone nomenclature are as follows: 


Formula 

Trivial name 

t 

1UPAC name 

O 

II 

CHa-C-CHa 

acetone 

propanone 

0 



CHa-C-CHa-CHa 

etbyl methyl ketone 

butanone 

O 

CHa-C-CHa-CHg-CHa 

methyl n-propyl ketone 

2-pentanonc 

Oi 

II 

CHa-CHi-C-CHg-CHa 

diethyl ketone- 

3~pentanone 

Similarly the ketones carrying the substituepts are named: 


CH, 0 

I II 

CH S 0 


CHa-CH-C-CH* 

3-methyl-2-butanone 

BrCHi—CH»—CH-C—CH, 

5 4 3 2 1 

5-btomo-3-methyl-2-pentanone 
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Examples of aromatic ketones are : 

O 

Is 


acetophenone benzophenone 

From the general formulae for aldehydes and ketones we see that the only diffe¬ 
rence between the two is that in aldehydes the carbonyl group (>C=0)is 
attached to one hydrogen and one alkyl or aryl group while in ketones it is attached 
to two alkyl or aryl groups, or one alkyl and one aryl groups However, in form¬ 
aldehyde two hydrogen atoms are attached to the >C=0 group. The carbonyl 
group, >C=0, is largely responsible for the characteristic reactions of aldehydes 
and ketones and we may well expect that some of these reactions will be common for 
aldehydes and ketones 





0 


R\ 8 + 
'r = 

R/ 


8 - 

O 


\ 

/ 



The carbonyl group consists of a carbon and an oxygen atom which are linked by 
a double bond. It has a formal resemblance to the olefinic carbon-carbon double 
bond. The sp 2 hybridized carbon is joined to three substituents by three a bonds 
utilizing all the three sp 2 hybridized orbitals. All these lie in one plane making an 
angle of 120° with one another The fourth unhybridised p-orbital of carbo-n atom 
overlaps with a p-orbital of oxygen atom to form a bond. This bond, in contrast 
to the re-bond in alkenes, connects two atoms of different electronegativity and 
hence the bonding electrons are not equally shared by the linked atoms. The 
electron cloud lies more towards the oxygen atom, This polarization of electron 
cloud results in a high dipole-moment (2 3 to 2.8D) for carbonyl compounds. 

17-3-2 LABORATORY PREPARATION OF ALDEHYDES AND KETONES 

(/) From alcohols : Aldehydes are prepared by the oxidation of primary 
alcohols under controlled conditions. Oxiuation of secondary alcohols yields 
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ketones. The common oxidizing agents used are potassium dicnromate and 
potassium permanganate. 


RCH 2 OH+[0] - 
R \ 

>CHOH + [O] 
w 


o 

“H 2 0 II 
-»- RC-H 

-H 2 0 R v 
——* }C = 
R x 


O 


Aldehydes are even more easily oxidized than the alcohols from which they are 
derived. Oxidation of aldehydes gives copespondmg carboxylic acids. In order to con¬ 
trol this oxidation, advantage is taken of higher volatility of aldehydes compared 
to the corresponding alcohols. For example, butanal (b. p. 349K) has boiling 
point 42 lower than 1-butanol (b.p. 39IK). When a mixture of dichromate and 
sulphuric acid is added drop by drop to alcohol contained in a flask, aldehyde 
formed is immediately distilled out through the condenser attached to the flask. 
Since the aldehyde is taken out of the oxidizing mixture by distillation as soon as 
it is formed its further oxidation to acid is minimized. A fractionating column 
may be used to hold back vapour of alcohol. 

Another way of preparing aldehydes and ketones is through catalytic dehydro¬ 
genation ol primary and secondaiy alcohols Alcohol vapom is passed over heated 
copper gauze Oxidation of aldehydes to acids has no chance m this case. 

Cu. 573 K 

RCHjOH-♦ RCHO 4- H a 


R\ Cu, 573 K R v 

)CHOH-► \c—0 + H a 

Rr R/ 

(ii) From acid chlorides : Acid chlorides are reduced to aldehydes with hydrogen 
in the presence of palladium catalyst spread on barium sulnhate. This is known as 
Rosenmund reduction. 


O 

II Pd 

R-C-Cl + H 2 -» RCHO 

-HC1 

O 

II Pd 

Ar-C-Cl + Hi-► ArCHO 

—HQ 
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Ketones are prepared by reacting acid chlorides with dialkyl cadmium. 

2RCOC1 + CdR' z ->• 2RCOR' + CdCJ a 

Direct reaction of an acid chloride with a Gngnard reagent gives a ketone which 
further reacts witn Grignard reagent tc give a tertiary alcohol. This difficulty is 
avoided by using a dialkyl cadmium. 


O O 

II II 

CHjpC-Cl + CH 3 MgCl->• CHs-C-CHg + MgC! 2 

O 

II /OMgCi 

CH 3 -C-CH 3 +CH 3 MgCl v(CH 8 1 2 C < —► (CH 3 ) 3 C-OH+Mg (OH) Cl 

X CH 3 


Aromatic aldehydes and ketones are prepared by methods which are generally 
not applicable in the aliphatic series. Some of these methods are discussed below ; 

0) Oxidation of side-chain alkyl groups 

Aromatic aldehydes are prepared by oxidation of a side chain in an aromatic 
compound using chromium trioxide. Furthfer oxidation of the aldehyde to an 
acid is avoided by trapping the aldehyde in the form of a non-oxidizable derivative 
with acetic anhydride. 



+ (0), CrO a 
(CH 3 C0) 2 0 


O-COCHs 

Cl”* 

Jt^O-COCHs 


alkaline hydrolysis 



(li) Aromatic ketones through Friedel-Crafts acylation' 

Aromatic ketones arc prepared by treating the aromatic hydrocarbons with acid 
chlorides in the presence of anhydrous aluminium chloride. This reaction is ana¬ 
logous to Friedel- Crafts alkylation reaction (Part I). 



Attachment of 8— -C— (acyl group) to a compound j» called acylation and that of CH«—C— 
(jtfiyl gfo Mp ) U known u acetylation. 
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Reimer-Tieman 
aldehydes can be 
343 K. 


Reaction : We have already seen (Sec. 17.1-4) that phenolic 
prepared by treating phenol with chloroform m basic medium at 


OH 

r° -- cfr° 


Formaldehyde , HCHO : Formaldehyde is widely used in yarious industries. It is 
manufactured by the oxidation of methanol in the presence of a catalyst using oxygen 
from air. 

Cu, 825-875 K 

CH a OH + 0 2 -> HCHO + H 2 0 

Formaldehyde is a gas at room temperature, b. p. 252 K. Its 40 per cent solution 
in water js sold under the name formalin. It is also available as a solid polymer, 
paraformaldehyde (CH 2 Q)n and trioxane, (CHjO) 3 , 

•vCHjO-CHjOCHjO x 
paraformaldehyde 

trioxane 


1 




\ / 
CH t 


CH 2 

I 

,0 


OH 



. CHCla 
NaOH 



Industrial preparations 




CHEMMTry 


»l 

Whenever formaldehyde is required, it can be obtained by heating paraformalde¬ 
hyde of trioxane. 

Acetaldehyde, CH s CHO : Acetaldehyde is normally used for the manufacture 
of acetic acid. The turner of acetaldehyde which is used as a hypnotic to medicines, 
is called paraldehyde. When acetylene is hydrated with dilute sulphuric acid in the 
presence of HgSCU, it gives acetaldehyde. This constitutes the industrial method for 
tbe manufacture of acetaldehyde. 

40% H,SO« 

CH e-CH + HjO.-* CHiCHO 

1% HgSO* 

Acetaldehyde is also manufactured by the dehydrogenation of ethyl alcohol in 
tbe presence of Cu heated to 573K. 

Cu, 573K 

CH 3 CH a OH- - CHsCHO + H, 

Acetaldehyde is avilable as its trimer, paraldehyde, (CHsCHOJs which can be 
prepared by adding a drop of cone. H|SO« to acetaldehyde or by keeping acetalde¬ 
hyde for a long time. 



Acetaldehyde can be reformed by warming paraldehyde with d'll. 

Benzaldehyde, C 6 H 5 CHO: it is am aromatic aldehyde. It is used in perfumer? 
and in the manufacture of dyes. It is commercially prepared by side chain chlorina¬ 
tion of toluene followed by hydrolysis of the resulting (pound. 



Acetone, CHgCOCH*: It is a common sotrent for use in laboratories and in 
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various industries, It is manufactured by dehydrogenation of iso-propyl alcohol usiqg 
heated copper. 

Cu, 573 K 

CHjCHOHCHg-CHgCOCHa 4- H a 

Some acetone is also obtained as a by-product during fermentation of starqh in the 
preparation of ethyl alcohol. It is one of the products in wood distillation. Some 
acetone is also prepared by the dry distillation of calcium acetate. 

O 

CHjCO-Ov heat 11 

>Ca-► CHsrC-CHa + CaCOg 

CHgCO-Cr ' 

173-3 PHYSICAL PROPERTIES 

Aldehydes and ketones are polar compounds because of tha presence of carbonyl 
group. As a result tkw^y have intermolecular attractions which make them somewhat 
higher boiling than the hydrocarbons of comparable molecular masses. These 
intermolecular .attractions are weaker than those due to hydrogen bonds in alcohols. 
Consequently, aldehydes and ketones are lower boiling liquids than alcohols of 
comparable molecular masses. 


Compounds 

b.p.(K) 

n-butyraldehyde 

349 

n-butane 

309 

n-butyl alcohol 

391 


The lower aldehydes and ketones upto four carbons per raoWuie at* soluble m 
water becduse of some hydrogen bonding between >C=0 groups and water 
molecules and smaller size of the alkyl groups attached to >C=0 group. Solubility 
decreases as the hydrocarbon part in the molecule increases. Aldehydes and ketoses 
are quite soluble in organic solvents. 

173-4 CHEMICAL PROPERTIES OF ALDEHYDES AHD KETONES 

These are centred at the carbonyl group (>C=0). Due to the polarization 
in >C=0, the carbon atom acquires a partial positive charge and the oxygen atom 
acquires a. partial negative charge. The polar nature of carbonyl group leads to a 
number of addition reactions with other polar compounds. 

The aldehydes 'in general undergo addition reactions more readily than the 
ketones. 
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ADDITION HE ACTIONS 

( 1 ) Addition of sodium bisulphite : Most of aldehydes and methyl ketones add 
sodium bisulphite at the >C = O group to form bisulphite addition product. 

S- . V /S0 3 H 

)C = 0 -H Na+HSOs" w* )C(_ 

/ y x ONa H 


\ /S °3 H 

/ x ONa+ 




v/ 

/ c \ 


S0 3 - Na+ 
OH 


bisulphite addition product 


This addition reaction is carried out by shaking the aldehyde or ketone with a 
saturated aqueous solution of sodium bisulphite. The addition product is often a 
crystalline solid. The reaction is used in the purification of aldehydes and krtones 
and their separation from substances that do not react with sodium bisulphite. 

The crystalline solid after separation from the rest of material regenerates the 
original carbonyl compound on treatment with an acid or an alkali. 


X 


X 


SOaNa+ 

OH 

SOjNa 

OH 


HC1 v 

-► ^0 = O + SOa +NaCl + H s O 


NaOH v 

-*• yC - O + Na a SO a + H a O 


(ii) Addition of Grignard reagents : We .have studied in the last Unit that 
Grignard reagents are added to aldehydes and ketones to give product from which 
secondary and tertiary alcohols respectively may be obtained. 


v 8+ S- 8+ 

yC = O + R MgX 


^C-OMgX 

R 


I H*0 

pC-OH -r Mg(^ 


The alkyl group in Grignard reagent is transferred to the carbonof the carbonyl group. 
The resulting addition compound it very easily hydrolyzed to give an alcohoL 
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(iii) Addition of hydrogen cyanide : Hydrogen cyanide when added to aldehyde# 
and ketones forms cyanohydrin 


V $+ S- S+ 5- v >OH 

>C=0.+ HCN->»>C< 

' ' X CN 

cyanohydrin 


This reaction is normally carried out in the presence of a base acting as catalyst. In 
the absence of a base the reaction proceeds extremely slowly. In actual 
practice hydrogen cyanide is generated in situ by the addition of a strong acid to 
a mixture of sodium cyanide and the carbonyl compound. The amount of 
acid added is insufficient to react with the whole of sodium cyanide. As a result the 
solution remains sufficiently alkaline tc catalyse the addition. The principal use 
of cyanohydrins is that they can be converted into 2 -hydroxy acids and unsaturated 
acids. 


O 

ii i+ s- 

CHj—C—H + HCN 


OH 


CHa—C—H 


CN 


HQ 

heat 


OH 


CHj—C—H 


COOH 


heat | H 2 SO 4 lactic acid, 

CH, -CH—COOH 
acrylic acid 


(iv) Addition of alcohols : Acetal formation: Aldehydes react with alcohols in 
the presence of dry hydrogen chloride to form acetals. This reaction is normally 
carried out by passing dry hydrogen chloride in a mixture of an aldehyde and excess 
of alcohol. 

A hemiacetal is first formed by the addition of an alcohol molecule to the 
carbonyl group. Hemiacetal is both an ether and an alcohol and in most of the 
cases, too unstable to be isolated. Hemiacetal reacts with another molecule of 
alcohol to form a stable acetal. 


Rv 8+ 8- 

>C-0 + R'OH ** 
W 


R v y OR f 

H^ C \0H 

hemiacetal 


\ ® R ' H+R'OH 

>< 

H OH 


R OR' 

+ HsO 

h or 

aortal 
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. f obtained by me reaction between 

Acetal« tie I'”" 1 m simflilt t0 It l tr3 in behavtom. They ate quite 

^ .flfofthc reactions and can be cleaved readily by netd. (bn, not 

alkalies) to regenerate the aldehydes. 


H + R 


r '\ C /° R ' + H,0-^“V-0 + 2ROH 

v/ '''OR' 


H> 


« ■ usins two molecules of a mqnohydnc alcohol one molecule of a 

JbT^l lih. ethylene (CHsOH.CHiOH) ts u*d,.^ehc .cull, 
^ formation emt be nsed to protect a carbonyl compound nr a reaction 

ai shown below: 


(a) CH*-CH = CH-CHO 


CHjOH 

H+ 


H 

CHs-CH =CH-C 


1 


y O- CH, 

< I 

- CH» 
H a /Ni 

H 


HOCHa H + I /0-CH a 

CH,CH,CH,CHO + ; I — CHa-CH^Ha-C^ I 


CH.OH w 

CHiOH ! /O - CHa KMaOs 

(b) H,C-CH - CHO-► H a C = CH-C ' \ -* 

w H* x O - CH a 


CH a OH 

! H CH a O-l 

CHOH -► | . + 

I ,0 - CHj + H*0 -CHaOH 
HC< | 
x O - CH a 


CH a OH 

CHOH 

CHO 


Ketones do not react with alcohols in presence of HC1 gas like aldehydes. However, 

the compounds in which >C=0 group of a ketone is converted to 

group are called ketals ,, They are prepared indirectly. 

(v) Addition of ammonia derivatives: A number of .organic compounds contain¬ 
ing —NH® group, condense with >C*=0 group of aldehydes and ketones to give 
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;>C==N- type of groups with elimination of water These important derivatives of 
aldehydes and ketones can be used- to characterize and identify them. 

/ H+ V 

YN% + 0==C<^-* )C=NY + H 2 0 

A few typical examples are giyen below : 


Reagent used Product obtained 

Ammonia Name Structure Name 

Derivative 


H 2 NOH 

H 2 NNHC 6 Hb 



NO* 


hydroxylamine 
phenyl hydrazine 


2, 4-dinitrophenyl 
hydrazine 


\c « N-OH 
^>C - N-NHC,H 5 



oxime 

phenyl hydrazone 

2, 4-dinitrophenyl 
hydrazone 


O 

V 1 

H 2 NNH—C—NH* semicarbazide YC = N—NH—C—NH 2 semicarbazone 
II x 

O 


Like ammonia these derivatives are basic in nature. They are easily oxidized by air. 
Therefore, they are stored as their salts e.g., hydroxyl amine hydrochloride, 

+ + 

HjNOHCT; phenyl hydrazine hydrochloride, C*H|NHNH S C1; semicarbazide hydro- 

O 

+ if 

chloride, H*N—NH—Cr-NJI*Cl. Whenever needed for a reaction, the base is liberated 
in the presence of the carbonyl compound by a mild base (usually sodium acetate). 

ClHaNNHCONHi + CH s COQNa—* H s MNHCONH 2 + CHgCOOH + Nad 
These addition reactions are catalyzed by the presence of a small v mount of some 
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acid became they proceed through a itep involving protonation of 


\ 

/ 


C=0 group. 


But if the acid is taken in excess, it would react with the ammonia derivative to form a 

+ 

salt as R—NHjX which does not react An optimum value of pH is needed for the 
reaction depending on the nature of the base used. Ammonia and formaldehyde 
react to give hexamethylene tetramine which ts a urinary antiseptic. 


6CHjO+4NH»-► 



+ «H 2 0 


bexamethylene tetramine 


OTHER REACTIONS 

Oxidation: Aldehydes are a group of easily oxidizable compounds. In alde¬ 
hydes there is a hydrogen attached to the carbonyl group which can be converted 
to OH group ie oxidation reactions without needing a breaking up of some other 
bond artd this makes aldehydes easily oxidizable. This property makes distinction of 
aldehydes from ketones easy. Ketones do not have any hydrogen atom attached 
to the >C *■ 0 group and hence they can not be oxidized without the cleavage of 
some carbon-carbon bond. So ketones are resistant to usual oxidizing agents. The 
aldehydes can be oxidized even by mild oxidizing agents like silver ions and cupric 
ions under basic conditions. These metal ions are reduced to a mirror of metallic 
silver and to a red precipitate of cuprous oxide respectively. 

RCHO + 2Ag+ + 30H" —+ RCOO + 2Ag + 2H,0 

silver 

minor 

RCHO + 2Cu ,+ + SOH —» RCOO + Cu s O + 3H|0 

red ppt 

Silver ions are provided by Tollens reagent. 1 liens reagent is made by the addition 
of ammemsm hydroxide to silver nitrate until the brown precipitate of silver oxide 
first fbrmrtl is just rediisolved. Silver ion is present as a complex with ammonia, 
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AglNHsV, which prevents the precipitation of silver oxide in the basic solution. 
Reduction of Tollens reagent to a silver mirror is also known as silver mirror test. 

Cupric ions are provided by Benedict’s and Fehling’s solutions. In these reagents 
hydroxy acids are used to form soluble complexes with cupric ions in basic solutions 
(citric acid is used in Benedict solution and tartaric acid in Fehling solution). The 
complexing of cupric ions prevents the precipitation of cupric hydroxide on making 
the solution alkaline. 

Tollen’s reagent oxidizes both aliphatic and aromatic aldehydes but Fehling and 
Benedict solutions oxidize only aliphatic aldehydes. These oxidizing agents do not 
attack the unsaturation centres in a molecule and thus they are quite useful in 
oxidizing the unsaturated aldehydes to the corresponding acids. 

Tollens reagent 

R—CH = CH—CHO-> R—CH - CH-COOH 

Oxidation of ketones requires cleavage of carbon-carbon bond and takes place 
only under vigorous conditions. On oxidation ketones give mixtures of acids. 

O 

. || . KMnOs/H+ 

R - CHi 4 - c4- CHr-R'-~+ RCOOH + RCH.COOH 

I : a: a Heat (through cleavage at. Ci and C*) 

or RCHgCOOH + RCOOH 

(through cleavage at C* and Cg) 

However, all methyl ketones and acetaldehyde can be easily oxidized with a 
hypohatite solution to yield a haloform. This reaction is called haloform reaction. 
When hypoioditc is used for oxidation, a yellow precipitate of iodoform is obtained. 

0 

II 

This it used as a test for CHg - C - * group. 

O O 

II il 

R-C-CHs + 3 NaOI-► R-C- CU + 3NaOH 

o o 

8 H 

R - C- Os + NaOH-► R'-C - ONa + CHIa 

yellow ppt 


CjMa^csBsda like QH«6 h and RCHOHCH, i.io give iodoform test 

O O 

1 i 

asMte to H and R—C—CHi res actively- 


CHKM1STRY 


lU 


( ii ) Reduction ; Aldehvdes and ketones on reduction give primary and second¬ 
ary alcohols respectively. Reduction can be carried through catalytic hydro¬ 
genation or by chemical reagents like lithium aluminium hydride or sodium boro- 
bydride. 

O OH 

II Pt or Ni | 

R-C-R',-► R-CH—R' 

H, 

L1AIH4 

rcho-*• rch 2 oh 

or NaBH 4 

If a double bond is also present in ihe compound, catalytic hydrogenation will 
reduce this also, but sodium borohydnde reduces only the carbonyl group 

Hj/Ni 

/-*-CH 3 CH*CHtCHjOH 

HaC-CH = CH-CHO < 

X -VH3C-CH = tH—CHaOH 

NaBH 4 

Aldehydes and ketones can be reduced to corresponding hydrocarbons either 
by Clemmensen reduction or by WoifF-Kishner reduction. Clemmensen reduc¬ 
tion involves refluxing the carbonyl compound with zinc amalgam and hydro¬ 
chloric acid. Wolff-Kishner reduction requires heating the carbonyl compound in 
a high boiling polar solvent like diethylene glycol with hydrazine and potassium 
hydroxide and driving the reaction to completion by distilling out the water 
formed. 



Zn (Hg) 

HC 1 


(CHi)gCHj 




-fHgNNHa 


KOH, Heat 

-- 

diethylene glycol 



O 
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(ill) Aldol Condensation : Aldehydes and ketones which have atleast one 
a-hydrogen* condense in dilute alkali to give a condensation product. This reaction 
is called Aldol condensation 


OH 

NaOH | 

H*CCHO + CHgCHO-» CHj-CH-CH 2 -CHO 

(Aldol) | 

(,— H»0 

HgC—CH = CH-CHO 
crotonaldehyde 

Aldehydes with a-hydrogens form r«ms on being neated with concentrated alkali. 

((») Canidizaro reaction : Aldehydes like formaldehyde or benzaldehyde which 
do not have a-hydrogen undergo self condensation in the presence of a' concen¬ 
trated alkali to give a mixture of an alcohol and salt of a carboxylic acid. 

NaOH 

2 HCHO-► CHjOH 4- HCOONa 

NaOH 

2C,H 6 CHO-* C fl H B CHaOH + C 8 H 5 COONa 

One molecule of aldehyde is oxidized to acid and the other is reduced to alcohol. 
il.ytl TESTS FOR ALDEHYDES AND KETONES 

Aldehydes and ketones are characterized through the formation of 2,4-dinitro- 
phenyl hydrazone derivatives. Aldehydes are distinguished from ketones through 
their ease of Oxidation. Aldehydes give positive tests with Tollens Schiff, Fehling 
or. Benedict reagents whereas ketones do not. Generally aldehydes and ketones are 
identified through the melting points of their derivatives like oximes, semicax- 
bazones and 2,4-dimtrophenyl hydrazones. Methyl ketones are identified through 
Iodoform test. 

11A CARBOXYLIC ACIDS 

O 

11 

The functional group which characterizes carboxylic acids is — C-OK (carboxyl 
group). It may be attached to an alkyl (—R) or an aryl (~Ar).,group Some 
of the hi gfasr members of aliphatic series of acids are obtained by hydrolysis of 
fats; therefore, the group of aliphatic carboxylic acids is also known as fatty 
add group. _ _ 

“The csrbca next to th£ carbon of—CHO groups m*Meh)0s is c alled s-carbon end hydrogen 

If l»!« 

— C— C — C— J2HO 

I I 


atssctasd to it is known «* hydrogen. 
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17.4-1 NOMENCLATl/ftE 

The trivial and the IUPAC names of-ttte first few members are given below : 


Molecular formulae 

Trivial names 

IUPAC named 


HCOOH 

formic acid 

methanoic acid 


CH 3 COOH 

acetic acid 

ethanoic acid 


CH 3 CH 2 COOH 

propionic acid 

propanoic acid 


ch 3 ch 2 ch 2 cooh 

butyric acid 

butanoic acid 



The trivial names in general have been derived from the names of common sources for 
acids*. In this nomenclature the carbon atoms in the chain are designated by Greek 
letters a, (3, f, S, etc. starting from the carbon adjacent to carboxylic group : 


i* lr 10 i« 

-C— C-C-C—COOH 


y p * 

CHa-CH-CH-COOH 

I ! 

ch 3 ch, 

a. |S—dimethyl butyric acid 


P oL 

BCCHi-CH—COOH 



)3-bromo-a-phenyl propionic ncid 


fit the IUPAC nomenclature or aliphatic acids, the 'ending ‘e’ of the nlkand 
having an equal number of carbon atoms in the molecule is replaced by ‘oic acid 1 
The longest carbon chain carrying the carboxyl group is selected and numbering is 
done with carboxyl carbon as position one, 


CH 3 

3 i 1 3 2 1 1 

H S C - CH-COOH (( ))— CH - C - COOH 

i i i i 

Br CH 3 4 CH 3 CH s 

3 -bromo -2-methyl propanoic acid 2, 2-dimethy’ 3-phenyl butanoic acid 


® Formic acul was prepared for the first lime from red ants (Latin • formicus means am). Acetic 
acid 15 derived from the latin word actlum which means vinegar (a source of acetic atid). 
Butyric acid smells like rancid buiter (Latin : butynun means butter). 
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Names of aromatic acids are, normally derived from the parent acid, benzoic acid, 
C 6 H 6 COOH. 


cooh 



COOH 




COOH 



CM, 


benzoic acid (m-nitrobenzoic acid) 
or 3-nitrobenzoic acid 


2, 4, 6-tribromo- 
benzoic acid 


p-toluic acid 
(from toluene) 


17.4-2 LABORATORY PREPARATION 

In the laboratory carboxylic acids can be prepared by the following general 
methods: 

1 . Oxidations 

(a) From primary alcohols . We have already learnt that primary alcohols on 
oxidation yield aldehydes which on further oxidation yield carboxylic acids The 
oxidizing agents normally used are potassium permanganate or dichromaie in sulphu¬ 
ric acid. 

KMn0 4 

RCHjOH-— RCOOH 

or K 2 Cri0 7 /HjS0i „ 

(b) From aldehydes and ketones : Aldehydes can be easily oxidized to catbe/ylie, 
acids even with mild oxidizing agents like Tollens reagent. 

RCH0+2Ag(NH 3 ) a + +30H~ ->2Ag+RC00“+4NH 3 +2H 2 0 

Methyl ketones are smoothly oxidized with hypohalite solutions 
O 

» KOI 

(CH 8 )«e=.CH-C-CHa-► (CH,) a O»CH-CQOH +CHI, 

The oxidation of other ketones yields acids under- very strong oxidizing conditions 
and, usually mixed products .are obtained. Therefore, the preferred method of pre¬ 
paration of carboxylic acids is oxidation of primaky alcohols or aldehydes in which 

the' carbon skeleton remains the same. 
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(c)'Dxidallon of alkyl benzenes ; An alkyl group attached to aa aromatic ring 
is-oxidized to * carboxylic group irrespective of the size of alkyl group. Alkaline 
potassium permanganate is generally used as an oxidizing agent for this purpose. 
i'o|assium diChromate or dilute nitric acid can also be used. 



KMnO* 

-- —i 

OH- 



benzoic acid 



o-xylcne 


KMnOj 

^OH- 


phthalic acid 




p-xylene 


KMnO* 

OH- 


COOH 



2. From Grignard Reagents 

An ethereal solution of a Grignard reagent reacts with carbon dioxide. This 
reaction ir normally carried out either by bubbling carbon dioxide in an ethereal 
solution of a Grignard reagent pr by adding the solution of Grignard reagent to 
powdered solid carbon dioxide suspended in ether. The addition product is decom¬ 
posed with a mineral acid to liberate the free acid. 

jfiy- y 

R-MgX+CO*-► R-C-OMgX-- RCOOH + Mg<f 

1! x X 

0 
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3. From Cyanides 

Alkyl cyanides are hydrolyzed to caiboxylic acids by boiling either with an alkali 
or an acid 


H+ 

.-►RCOOH + NH«+ 

R—CsN C 

x —►RCOO" + NH 3 
OH- 

Alkyl cyanides are easily prepared from the corresponding alkyl halides by treat¬ 
ment with potassium cyanide solution. 


RX + KCNi—►RCN +KX 


Since alkyl halides can be prepared from alcohols, we have methods for converting 
a primary alcohol either to an acid containing the same number of carbon atoms or 
to an acid containing one carbon atom more. 


RCHjOH- 


KMnQ4 r 
PBr, 


RCOOH (acid witn the same number of carbon atoms) 

' ’ Mn (0 CO * 

m -►RCHjMgBr (ii)H+/H^OJ. 

RCH z Br f 

x -► RCH a CN-►RCH^COOH 

CN" H t /H 2 0 land with one more 

car non atom) 


17.4-3 INDUSTRIAL ^REPARATION 

Formic acid which is used in vauous industries is prepared on a large scale by 
reacting carbon monoxide with aqueutis sodium hydroxide under a pressure of 1 atm 
at 473K 


473K H T 

CO + NaOH (aq) -► HCOONa-► HCOOH 

1 atm 

Acetic acid is another very important carboxylic acid. It is manufactured (i) by 
the hydration of acetylene to acetaldehyde which is further oxidized to acetic acid 
with air in the presence of manganous acetate, (ii) by the dehydrogenation of cthy' 
alcohol with copper at 523-573K. to acetaldehyde followed by further oxidation. 
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CH=CH 


C.HsOH 


HiO, H,S0 4 

---► CH 3 CHO 

' HgS0 4 t 

Cu, 573K 1 


Mn’+ 

-► CH3COOH 

O, 


A dilute solution of acetic acid is known as vinegar. It is manufactured by fer¬ 
mentation of ethyl alcohol with special bacteria ( aceiobacter ) in the presence of air 
Vinegar has been prepared by this method since times immemorial. 

acetobacter 

CH 3 CH z OH + o 2 ->CH 3 COOH + h 2 o 


Higher aliphatic carboxylic acids are obtained from vegetable fats. These carbo¬ 
xylic acids have even numbers of carbon atoms (ranging from six to eighteen) An 
important aromatic carboxylic acid is benzoic acid. It is manufactured by oxidation 
of toluene which is readily available from coal tar and from petroleum. Benzoic 
acid can also be prepared by chlorination of toluene followed by hydrolysis. 



17 4-4 PHYSICAL PROPERTIES 

As would be evident from their structures, the carboxylic acids are polar com¬ 
pounds which can form hydrogen bonds. This fact is reflected in their physical pro¬ 
perties 

Amo^ngst aliphatic acids, the lower homologues (upto C 4 ) are miscible with water, 
e ’6 e r ones are practically insoluble due to the increased influence of hydrocarbon 
part The effect of the carboxylic group which makes an acid water soluble due to 
ydrogen bonding with water molecules is thus significant in the first few members 

y ’ decreases gradually with the increase in the size of the alkyl group causing 
the solubility in water to diminish. 

Benzoie aeid the simplest aromatic;, earboxylic acid is nearly insoluble in cold 
atcr because the hydrocarbon part outweighs the influence of the polar part. Car- 

oxy ic acids are also soluble in less polar solvents like ether, alcohol, benzene, etc. 
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The first three members of the aliphatic series (Q to C 3 ) are colourless, pungent 
smelling liquids, the next three (Q-Cg) have distinctly unpleasant odours. Acids 
with seven or more carbon atoms have no distinct smell because of low volatility. 
Cmboxylic acids arc higher boiling than alcohols of comparable molecular masses 
(fi-piopyl alcohol . b.p. 370K, acetic acid ,b,p. 39IK). This is due to intermolecular 
hydrogen bonding leading to dimer formation in which two acid molecules arc held 
together by two hydrogen bonds. 


■ S_ S^ S 
0.H-0 

/ \ 

R-C C-R 

$ \ ✓$+ 

0 —H.0 

§_ $+ S- 
hydrogen bonding 

The existence qf.such dimers is clearly indicated in solutions of acetic acid in 
solvents like benzene when the observed colligative properties lead to a molecular 
mass of 120 instead of 60. 

In straight chum aliphatic carboxylic acids, one with even number of carbon 
atoms per molecule has a higher melting point than the one with odd numbers of car¬ 
bon atoms immediately below and above it. The curve plotted between the number 
of carbon atoms per molecule and the melting point is a zig-zag one and resembles a 
saw-tooth (compare alkanes, Part-I). It has been shown by X-ray diffraction that 
even-number acids have carboxyl and terminal methyl groups on the opposite sides 
of the zig-zag carbon chain and lit better in the crystal lattice, thereby increasing 
intermolecular forces resulting in higher melting points. The odd number u<jids have 
carboxyl and terminal methyl groups on the sume side. Benzoic acid and most other 
aromatic acids are solids because of their polar nuturc and higher molecular masses. 

17.4-5 CHEMICAL REACTIONS 

1. Acidity : The carboxylic Reids are the most acidic amongst the organic 
compounds we have studied so far. However, compared to mineral acids ihcse 
are quite weak. In aqueous solutions carboxylic acids exist in equilibrium with 
carboxylate and hydronium ions. 


RCOOH + H,0 v* RCOCT + H s O + 
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The equilibrium constant for this system is called acidity constant, K», of the 
acid and is given by thi expression : 

[RCOCT] [H a O + ] 

[rcoohT 

(Concentration of water is omitted because as a solvent it is present in a large 
excess and its concentration remains essentially constant). Each acid has its 
characteristic acidity constant, K»; the larger the value of K», the stronger is the 
acid. Kt values of some acids are given in Table 17.1 


TABLE 17.1 
K, Values of Some Acid* 


Formula 

Nam 

K, 

HCOOH 

formic acid 

17.7 X10"* 

CH.COOH 

acetic acid 

1.75 xHT* 

CICH.COOH 

chloroacetic add 

Wxttr* 

CI.CHCOOH 

dichloroacetic acid 

5530xt0-» 

CljCCOOH 

trichloroacetic acid 

23300X10-* 

FCH.COOH 

fluoroacetic acid 

Z60X10- 1 

BrCH.COOH 

biram pace lie add 

125X10-* 

ICH.COOH 

lodoacetic acid 

67x10-' 


Let us see why carboxylic acids ionize to give hydrogen ions, whereas alcohols, 
which also haVe hydroxyl groups like the acids, are neutral substances. The ionization 
in the two cases can be represented as follows: 

CHa-CHa O-H ** CH 3 -CH, 0~+H + 

O O -i 

II .. II 

CHg-C—O-H H++CH a —C-O" 

t(I)" t (IM) 

6 6 

I + I 

CHa-C«=0-H CHs-C=0 

(II) (IV) - 

Non-equivalent structures ! and II Equivalent stuctures III and IV 

less resonance stabilization more resonance stabilization 
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The alcohol and allcoxide ion are each represented by single junctures only. The 
alkoxide ion is destabliyed by the inductive effect of the alkyl group which tends to 
increase the charge density on the oxygen atom. On the other hand, both the acid 
and the carboxylate ion are each resonance hybrids. However, m the case of the 
acid the two rcasonanee structures ar* non-equivalent and, therefore, lejs important 
structure II actually involves separation of charges between two similar atoms. The 
carboxylate ion has two equivalent resonance itructures and therefore, it <S mueh 
more resonance stabilized than the acid. The higher stability of the carboxylate 
ion shifts the equilibrium towards further ionization. 

That the carboxylate ion is indeed a resonance hybrid is supported by measure¬ 
ment of bond lengths in formic acid and m sodium formate by X-ray and electron 
diffraction methods. 

Formic acid contains one carbon-oXygen bond of 136 A (single bond) and 
another of 1.23 A (double bond)* whereas in sodium form*)* both carbon-oxygen 
bonds an; equal and 1.27 A in length. 



.formic acid sodium formate 


Effect of substituents on acidity of acids : 

As the 6 gures in Table 17.1 show, chloroacetic acid is about 100 times stronger 
than acetic acid. To explain this we should compare the relative stabilities of the 
anions of these two acids. 


CMgCOOH — 


CICHaCOOH — 


CH 3 —►-C 


\ 


CH a - 


/ 


S_ 

o 


o 

8 - 


8 - 8 + * 
Cl—CHa— C 
\ 


+ H+ 


/ 


Cl-«-CHa-«-C 


08 . 


+H + 
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In acetic acid, the electron donating effect of methyl group destablizes the anion 
(acetic acid has a much lower K a value than formic acid). In the case of chloro- 
acetic acid, on the other hand electron withdrawing effect of chlorine stablizes the 
anion due to dispersal of charge favouring a higher degree of ionization In general, 
electron donating substituent? have an acid weakening effect and electron withdrawing 
substituents, have an acid strengthening effect. Table 17.1 also shows that dichloro- 
acetic acid is a stronger acid than monochloroacetic acid and trichloroacetic acid is 
almost as strong as a mineral acid. 

Fluoroacetic acid is stronger than chloroacctic acid and both bromo and lodoacetic 
acids are weaker than chloroacctic acid. We can thus predict the relative strengths 
of the halogenated acids on the basis of attractions of halogens for electrons. Since 
this influence decreases very rapidly with distance of halogen from the carboxylic 
group, it becomes almost ineffective when acting through four or more carbon atoms 
in a chain. 


CI-*—CH 2 —«— CHj-4— CH 2 -*— 



> 


j 


The effect of halogen substitution on acid strength is more marked if the 
substituent is on a-carbon (closer) K a values for the two chlorobutanoii acids 
support this hypothesis. 

CH 3 CH 2 CHC1C00H cich^ch 2 ch,cooH 

Ka - 139 x 10 ' 6 K a = 2.96 X 10 ' 6 

Benzomc acid (K a = 6.5 x 10~ 5 ) is somewhat stronger than simple aliphatic 
acids. Here the carboxylate group is attached to a more electronegative carbon 
( sp- hjbridued) than in aliphatic acids ( s/P hybridized). 

The carboxylic acids react with alkalies to form salts. Mineral acids convert 
these salts back into original acids. 

OH- 

RCOOH 7 * RCOO- 

aetd molecule H h salt anion 

The salts of carboxylic acids are ionic compounds. They are non-volatile solids 
and generally decompose before melting The alkali metal salts of carboxylic acids 
(sodium, potassium and ammonium) are soluble in water and insoluble in non-polar 
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solvents. Thus carboxylic acids (except first four which are soluble in water) and 
their salts have exactly opposite solubility behaviour. This difference can be used to 
identify an acid and also to separate it from non-polar or basic substances. A water 
insoluble organic compound that dissolves in dilute sodium hydroxide must either be 
a carboxylic acid or a weakly acidic phenol 

RCOOH + NaOH-► RCOONa + H 2 0 

insoluble water soluble 

in water salt 

Phenols and acids can be differentiated by using a solution of NaHCO a instead 
of sodium hydroxide Sodium bicarbonate solution reacts with and dissolves acids 
forming bubbles of C0 2 but it does not react with most phenols. 

RCOOH + NaHCOj —-► RCOONa 4- H 2 0 + CO, • 

Carboxylic acids also react with metals like zinc and magnesium evolving 
hydrogen. 

2CH.COOH + Zn-► (CH,COO),Zn + H, 

Since ionizable hydrogen comes only from the carboxylic group of an acid, 
monocarboxylic acids are also monobasic in nature. 

2 Reduction : Carboxylic acids can be reduced to primary alcohols with lithium 
aluminium hydride. 

LiAlH* 

RCOOH-► RCHjOH 

3. Conversion into functional derivatives : Acid chlorides, anhydrides, esters and 
amides are called functional derivatives of carboxylic acids. All these derivatives 
are formed by replacement of the —OH of the carboxyl group. The details about 
their preparation and reactions would be discussed in the next section. 

4. Alpha halogenation of aliphatic acids : Alpha hydrogens of carboxylic acids 
can be replaced by chlorination or bromination in the presence of a small amount 
of phosphorous acting as catalyst This reaction is known as Hell-Vohlard- 
Zelinsky reaction. 

C1./P Cl»/P Clt/P 

CHgCOOH-► ClCH 2 COOH-> Cl,CHCOOH-► ClgCCOOH 

If more than one mole of chlorine or bromine is used, the second and third 
hydrogens at opposition may be successively replaced. This mode of halogenation U 
specific for alpha position only. 
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The reaction has large synthetic utility because a halogen can be substituted 
smoothly by a number 1 of groups to give various new and useful products. 


/ 


/ 


/' 


Excess of NHg ^BrH-rH-rOQH (a-amino acids) 
NH* 


RCH-CH-COOH 

I 

Cl 


/ _Aq, NaQH RCHXH-COOH (a-hydroxy acid) 

' I 

CN oh 

\ NaCN i 

\-- -*RCH,-CH~COOH (a-cyano acid) 


\ 


\ 


\ 


\ 


\ 


\ . Ale. KOH 


H" 


H n iu- -COOH 

x COOH 
dicarboxylic acid 


0 o 

►R—CH=CH—COOH 
*, 0-unsaturated acid. 


5. Decarboxylation : The conditions for decarboxylation (removal of CO t ) of 
a carboxylic acid depend upon its nature Some acids get decarboxylated when their 
sodium salts are heated with sodalime (NaOH-CaO). 

O 

|| NaOH 

CH a —C—ONa-► CH 4 + Na,CQs 

CaO 

When two carboxyl groups are attached to the same carbon atom, decarboxyla¬ 
tion can take place simply on heating. 

-COOH 415—435K 

H*C<-» CHaCOOH+CO, 

x COOH 
malonic acid 


Conditions under which decarboxylation is carried out also determine the nature 
of the products formed. For example, when calcium salts .of carboxylic acids am 
heated, ketones are formed. Heating a mixture of calcium salt of a carboxylic acid 
with calcium formate gives an aldehyde. 

heat 

(CH 3 COO),Ca-> CHaCOCH*+CaCO, 

heat 


(CH,COOhCa + (HCOO),Ca 


> 2CH 3 CHO+2GaCOs 
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Alkali salts of carboxylic acids undergo decarboxylation on electrolysis. 

2CH 3 COO-K+ ———llii./~* CHa CH *+2CO, (at anode) 

H a O ^->2KOH+Hg (at cathode) 

Kolbe used this method for preparing alkanes from carbox>lic acids. 

6 . Ring substitution in aromatic acids ; Carboxyl group in benzoic acid is an 
electron withdrawing group and therefore it is m-directing. 


HNOa/HiSOi' 
/ nitration 

/ 



bromination 


COOH 



NO, 


COOH 

O* 



OOH 

Br 


m-nitrobenzoic acid 


m-sulphobenzoic acid 


m-bromobenzoic acid 


Substitution reactions of benzoic acid give mostly meta-substituted products. 

17.5 FUNCTIONAL DERIVATIVES OF ACIDS 

Functional derivatives of carboxylic acids are obtained by replacement cf the 
OH part of—COOH group by other groups. These compounds may be given the 
general formula. 

O 

II 

R—C—V 

where R is an alkyl or an aryl group and Y is a replacement for the OH group. 

O 

II 

When Y is one of the halogen atoms, we get acid or acyl halides (R—C—Y when Y 
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O 

II 

is amino group, we get acid amides (R-C—NH 2 ). Replacement of the OH part of 
carboxylic group by an alkoxy group derived from an alcohol gives an ester 
O 

(R-C—OR) loss of a water molecule between the two OH groups of two acid 
molecules yields an acid anhydride. 

RCOOH —H 2 0 RCO v 

+ -s- )0 

RCOOH RCCK 

acid acid anhydride 

17.5-1 NOMENCLATURE 

These acid derivatives are named according to the common or the IUPAC name 
of the corresspondtng carboxylic, acid Table 17.2 (on page 281) describes the 
nomenclature of various derivatives of acids. 

17 5-2 PHYSICAL PROPERTIES 

The functional derivatives of acids are also polar compounds. However, hydro¬ 
gen bonding not being possible in esters, acid anhydrides and acid chlorides, they 
remain as unassociated molecules The boiling points of esters and acid chlorides 
are accordingly lower than those of the corresponding acids However, the anhy¬ 
drides boil at higher temperatures than the corresponding acids as their molecular 
masses are almost double. The same consideration applies to esters if the alkyl 
group from the alcohol is a large one. Amongst acid derivatives, amides alone 
are capable of forming strong intermolecular hydrogen bonds and are generally 
solids at room temperature. They have high boiling points Table 17.3 shows a 
comparison of the melting and boiling points of some acid derivatives. 

TABLE 17.3 


Melting and Boiling Points of Some Acids and Their Chlorides, Anhydrides, Amides and Esters (K) 



Acid 

Acid chloride 

Acid anhydride 

Methyl 

ester 

Amide 

Acetic Acid 

m* p. 

289 6 

HU 

200 

175.0 

355 

b- p. 

391-0 

324 

413 

330.5 

494 

Benzoic add 

m. p. 

393 

272 

315 

258 

403 

b. p- 

522 

470 

633 

471-473 

563 
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lames of Functional Deriratim of Ad* 
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Fundtonal derivatives of acids are soluble in common organic solvents Acid 
chlorides and anhydndes are readily decomposed by water. In fact acid chlorides 
are difficult to handle as they start fuming in humid atmosphere Esters have very 
low solubility in Water, amides are more soluble in water than the other derivatives 
due to their association with water through hydrogembonding. 

Esters have pleasant fruity odours and are often used m the preparation of synth¬ 
etic perfumes and essences. Acid chlorides and anhydrides have sharp irritating odours 
and induce watering from eyes and nose. 

J7.S-3 PREPARATION 

The functional derivatives of acids can be prepared from the corresponding 
carboxylic acids, but some as shown below, are more conveniently obtained through 
other reactions 


Acid Chlorides : These arc prepared from carboxylic acids by treatment with 
reagents which replace an -OH group by -Cl, e.g. thionyl chloride, phosphorous 
trichlorides or phosphorus pentachlpride. 




0 

SOC1, 

II 

-> 

R-C-Cl 


0 

PCI, 

II 


R-C-Cl 

PCI, 


- f. 

R-C-Cl 


II 

O 


+ HC1 + SO, 

+ H,POj 
+ POC1, + HC1 


R may be any alkyl or aryl group 


Thionyl chloride 
easy to purify the acid 


is generally preferred, because by products being gaseous, it is 
chloride formed. 


Acid Anhydrides : As the name implies, anhydride-- are formed by loss of a 
ater molecule from two molecules of carboxylic acid. This can be brought about 
by heating an acid with a strong dehydrating agent like phosphorus pentoxide : 


O 

„ II 

2 CH 3 -C-OH 


O 

P,0 5 CH a -Cv 

->< 

-H,0 CH 3 C X 
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Another method of their preparation is by reaction of an acid chloride with 
sodium salt of the acid. Mixed anhydrides may also be obtained in this way. 


CHs—C—Cl + CHj—C—ONa 


CHa—C v 


CH a —O 


+ NaCl 

— cS 


acetic anhydride 


O 
' II 

CHs-C-Cl 
acetyl chloride 


QHs-C-ONa 
sodium propionate 


CH a -C N 

C a H B -C / 


>0 + NaCl 


acetic propionic anhydride 


Amides : Most convenient method for preparing amides is reaction of ammonia 
with esters, anhydrides or acid chlorides. In these reactions, acid chlorides react 
vigorously, anhydrides readily and esters rather slowly. 


O 

II 

CH S -C-C1 
acetyl chloride 


+ 2NH 3 -► CHg-C-NHj + NH 4 C1 

acetamide 


CH S -C^ 

CHg-C^ 


O + 2NH, 


CHr-C-NH* -f CH 3 -C-ONH 4 
acetamide ammonium acetate 


acetic anhydride 


CH»—C—OCHj+NHg-► CH,—C—NH,+CH*OH 

methyl acetate acetamide 

Partial hydrolysis of nitriles with alkaline hydrogen peroxide also gives amides. 

OH- 

CH.CN + 2 HjOg -CHjCONH, + H a 0 + O, 

acetonitrile acetamide 
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In industry amides are prepared by thermal decomposition of ammonium salts of 
crrboxylic acids. 


catalyst 

CH,COOH+NH,-*- CH,COONH 4 -*• CH,CONH,+H s O 

ESTERS 

Esters may be prepared by acylation of alcohols or phenols using acids, acid 
chlorides or anhydrides. 

Carboxylic acids, react with alcohols under dehydration conditions provided by 
mineral acids. The reaction is called esterification. It is a reversible reaction; the 
equilibrium is generally reached when appreciable quantities of both reactants and 
products are present 

O O 

1! II 

ch 3 -c-oh+c,h 5 oh ** ch 3 -c-o-c,h s + h,o 

ethyl acetate 

In esterification of acetic acid with ethyl alcohol (equation given above), when 
one mole each of acetic acid and ethyl alcohol are heated in the presence of a little 
concentrated sulphuric acid, equilibrium is attained when 2/3 mole each of ester and 
water are formed and 1/3 mole each of acetic acid and alcohol are left unreacted. 
The reverse reaction of hydrolysis* of the ester into acid and alcohol is also acid 
catalyzed 

To get good yields of esters, the equilibrium must, therefore, be shifted to the 
right. This Can be achieved by taking an excess of alcohol and removing the water 
formed in the reaction. With a given acid, the relative rates of esterification by 
alcohols are in the order primary>secondary>tertiary. With a given alcohol, the 
relative rates of reaction with acids are in the order RCH 2 COOH>R,CHCOOH> 
R 3 CCOOH. 

Acid chlorides or anhydrides also react with alcohols or phenols to give esters. 
These reactions are fast and go to completion. An alkali or a tertiary amine is 


Alkaline hydrolysis of esters is also called saponificatwn. As we shall see later oil* and fats 
which arc glyceryl esters of higher fatty acids give soaps on alkaline hydrolysis. 
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used in the case of acid chlorides to neutralize the hydrochloric acid formed 


O 0 

II pyridine || 

CH 3 -C-C1 + C 2 H s OH-> CH 3 -C-0-C 2 H s 

-HCl 

ethyl acetate 


P 0 

II NaOH || 

QHb-C-CI + C 2 H 5 OH-> CeH 5 -C-OC 2 H 5 

-HC1 

ethyl benzoate 


O 

II 

ch 3 -c x 

)0 4- C.H 5 OH 
CHa-C^ 


O 


o 

II 

ch 3 -c-oc 2 h 5 + ch 3 cooh 

ethyl acetate 
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17-5-4 CHEMICAL REACTIONS 

The characteristic, reactions of functional derivative of carboxylic acids are 

O 

II 

replacement reactions. The -Cl, -O-C-R, -NH 2) or -OR groups can be replaced by 
some othei s. 

Hydrolysis of add derivatives : These derivatives can be hydrolysed more easily 
in alkaline or acidic media than in water alone* 

The details of the acid and base catalyzed hydrolysis of esters are described 
below. As pointed out earlier, acid hydrolysis of esters is reversible, and leads to 
an equilibrium mixture of reactants and products. 

(H + ) hydrolysis 

RCOOR + H,0 —======> RCOOH + ROH 

esterification 

The base catalyzed hydrolysis of an ester is essentially irreversible. 



R-C-QR' + OH"-*■ R-C-0 + R'OH 
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Hydrolysis of acid chlorides, anhydrides and amides proceeds in similar manner 
with the formation of HC1, carboxylic acids and ammonia respectively. 

‘ O 

O H+ II 

II ,—►R—C—OH-f HQ 

R-C—C1+H 2 0< _ _ 

x —►R-C—O+Cl 
OH" || 

O 

o 

O H+ II 

II ->2R—C—OH 

(R—c—)*o+H z O ' 

\ -^2R—C—O 

OH” II 
O 


o 

O H* I + 

o .-►R—C—OH+NH 4 , 

R-C—NH 2 +H 2 0< 

N—j-R—C—0+NH a 
OH" II 
O 

Alcoholysis 

We have .already seen that acid chlorides and anhydrides react with alcohols to 
form esters. The reaction of an aster with an alcohol is called trans-esterification. 
This reaction is catalyzed by acids (HiSO, or HC1) or bases (usually alkoxide ions). 
The mechanism of trans-esterification reaction is similar to that of esterification. 

Acid-catalyzed 

O O 

II (H+) || 

R—C—OR' + R'OH w* R-C-OR' + R'OH 

Base-catalyzed 

O O 

II . II 

R—C—OR' + R'O—Na w* R—C—OR' + R'ONa 

Trans-esterification is an equilibrium reaction. It is, therefore, necessary to use 
a large excess of alcohol -of which we wish to prepare the new ester, or we have to 
remove one of the products of reaction to carry this reaction to completion. 
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Ammonolysis 

Reaction of ammonia with acid chlorides, anhydrides or esters leads to the form¬ 
ation of amides: 

O O 

H II 

CHj—C—Cl + 2HNH 2 -> CH a —C—NH a + NHgd 

excess acetamide 

O 

II o o 

CHs-Cv 8 8 

>0+2 HNH, -► CH 3 —C—NH, + CH*—C—ONH* 

CH 8 -C / 

B 

O 

o o 

I , I 

CH a —C—OQHs + HNH,-► CHg-C—NH a + C,H 6 OH 

ethyl acetate 

As we shall see in the next unit, primary and secondary amines can take the 
place of ammonia in such reactions. Then we get substituted amides as the 
products. 


EXERCISES 


17.1 Write the IUPAC names of the following compounds : 

OH 

CICH, CH, CHOHCHj, 0-CH.C.H.0H, ,H,COCH,CH»COOH, 

lr 



p-Br C,H«OC»Hh CH.OCH (CH,),. C.H.CH.COOH, (CH,), CCOOH, 

(CH,),CBr — COHCH,. m-OCH, C,H,CHO 
CH.CH, 

C.H.COCH.CH.CH.CHCH.CHO, H.C.O — C — H 

O 

QH.COOCH (CHOb CH,—CH—CONH», (C.H.CObO, CJIgCONH^ 

^H. 

17.2 (I) Draw structures of eight isomeric pentyl alcohol C,HnOH, name each of alcohol 
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according to IUFAC syttaaa and indicate sack ss primary. secondary and tertiary alcohol; 

(10 Oha structures and IUFAC um of (a) nim isomeric esters of formula CiHmO, (b) 
ana carbonyl c ompound * of tba formula C^HuO 

17-3 iUustrete the following tarns : 

Orignard reagent, Dow proem*, Protonation, Oaonium ion?, AbooHitc alcohol. Denatured 
alcohol. Methylated spirit. Power alcohol, Hoeenmund reJucllon, Kotbei rsactioD, Rdmer* 
Tiemann reaction, Formalin, Tnoxane, Paraldehyde, Acetal, Protecting group, Tollen 
reagent,. Benedict reagent, Fefaling reagent, Williamson synthesis, Cteaunanscn re¬ 
duction, Wolff-Kisbner reduction, Aldol condensation, Cannizzaro . reaction, HeU-VoMard- 
Zelinsky reaction, Trans Verification. 


17-4 Arrange compounds in each set according to specified order and give reasons for year 
answers: 


(i) Inertating order of boiling points. 

(a) C,H„ C.H.OH, (CHOsO, CHsOHCHsOH- 

(b) C.H*, QH.OH CHiCHO, CHsCOOH. 

(c) l-pentanol, n-pen la no, 2, 2-dtmethylpropanol, n-pentenoL 

(d) CH. COCI, (CH^0)»0, CHiCONH*, CHKXJOH. 

(ii) Increasing order of solubility in water. 

<*H,CHOHCH„ C,H,CKrOCH|, CJitCHtCHtCH* 
KlbCACOOH, p-OtiCsHsCbfOH. 

(ifi) Increasing order of acidity. 

(a) C,H,OH, CsHjCOOH, C*H.CH^H. 

(b) Butanoic acid, 3-bromobutanoic acid, 3-bromobutanoic acid. 

(c) Benzoic add, p-nitrobeaaoic acid, p-methyl benzoic acid. 


17.5 Accost for the following: 


(i) In raacdosN involving cleavage of carbon-oxygen bond of alcofcok, souse weid is added 
to facilitate the reaction, 

(ii) The order of reactivity of halogen acids with alcohol* la HI>HBr>HCL 


(ill) 


do not undargtf substitution at the carbon of C — OHbomL 


/ 
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(iv) If an alcohol it treated with an excess of sulphuric acid at 42JK. no etherification 
takes place. 

(v) In Ihe preparation of aldehydes from primary alcohols by oxidation aldehyde is distilled 

out as it is formed. 

(vi) To decrease the solubility of organic compound in water, sodium chloride is dissolved 
in water. 

(vii) During d'Sti'latfon of old samples of ether, sometimes explosions occur 

(vm) Phenyl methyl ether reacts with HI to give phenol and methyl iodide and not 
lodobenzene and methyl alcohol, 

(ix) Dialkyl cadmium 1^ used to prepare ketones from acid chlorides and nofcCrignaid 
reagents. 

(x) Oxidation of toluene to benzaldchyde with CrO s is carried out in acetic anhydride, 

(xi) During the preparation of ammonia derivatives from carbonyl compound, pH of the 
reaction should be carefully controlled 

(xli) Ammoniacal silver nitrate is used tu oxidize aldehyde to corresponding carboxylic 
acid. 

(xin) In straight chain aliphatic carboxylic acids, one with even number of carbon atoms 
per molecule has a higher mettiag point than ones with odd numbers of caibon 
atoms immediately below and above it. 

17.<> Discuss the method and chemical reactions involved in purification of carbonv! compounds 
by the bisulphite method. 

17.7 How can alcohols, phenols and carboxylic acid l |j« distinguished and separated from each 
other ? 

17-8 How does Lucas reagent help in the distinction of primary, secondary end tertiary alcohol ? 
Discuss the Reaction involved- 

17.9 How is peroxide in ether detected and removed 7 

17. jo Give tests to distinguish the following compounds and write the chemical equations m.olved 
C.H.COCH,, C,H,CH,CHO, C.H.COCH.CH, 


17.11 Fill up the blanks. 


Mg CD, SO CL NH. 

(i) RX-► ?-*■ 7 -*■ 7 "*■ 7 

OH 

(,i) RCH.OH --- RCOOH -- RCHO —7* R -f H_CH * 

II 

o 



ft) CKUfflfo 

(CHM HiINi H* 

(ii|) CHi - CH-CH - CHO *—■—"* I ■“+ t —> | 

H* H,0 

! ! 1 
|l») RCt^fl - 4 MM -♦RCHiCN—►RCHiCOOH 


1 1 

|.) CH, CH,COOH —^ CH, -CH COOH —► CH.CH - COOH 

1 NH, 

—+CH,-CKOOH 
1“+CHiCH(COOH)i 


f 



UNIT 18 


Compounds with Functional Groups 
Containing Nitrogen 


There are three main classes of organic compounds which contain nitrogen as a 
part of the functional group. These are: 

(1) Cyanides, RCN or ArCN 

( 2 ) Nitro compounds, RNO» 

(3) Amines, RNH, or ArNH, 

RiNH or Ar,NH 
, , R 3 N or Ar»N 

18.1 CYANIDES AND ISOCYANIDES 

These compounds are the derivatives of hydrogen cyanide, HCN. The functional 
group for this class of compounds is-CN. When the alkyl group is attached to the 
carbon atom of the CN group, we get the cyanides R-CN. When the attachment of 
the alkyl group is to nitrogen atom of CN group, we get the isocyanides, R-NC. 
Cyanides and isocyanides are isomeric compounds. 

18.1-1 NOMENCLATURE 

Alkyl cyanides are named by giving the name of alkyl group and adding the word 
cyanide to it. They are also named on the basis of acids produced on their hydro¬ 
lysis. In this case the ending '-ic acid’ of the acid is replaced by '- 0 -nitrile’. Thus, 
CHjCN which yields acetic acid on hydrolysis is called acetonitrile. 

In IUPAC’ J system of nomenclature cyanides are called as alkane nitriles. The 
longest carbon chain containing the cyanide group is selected as the parent hydro¬ 
carbon. The carbon atom forming the part of CN group is also counted. 
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Some examples are given below to illustrate nomenclature of alkyl cyanides. 


Molecular formula 

Trivial na/nef 

I UP AC name > 

CH.CN 

methyl cyanide or acetonitrile 

eth&nenitrila 

C.H.CN 

ethyl cyanide or propioawrite 

propinenitrile 

C,H,CN 

propyl cyanide or butyronilnle 

butanenitrile 

C.H.CN 

phenyl cyanide or benzomtnle 

benzoaitrile 


The isocyanides are named as alkyl isocyanides or alkvl isonitriles. Thus CHjNC 
is methyl isocyanide or methyl isoniLrile. 

I8.t-X PRETARATION 

(i) Fro 1,1 alkyl halides : Alkyl cyanides are commonly prepared by the reaction 
of potassium or sodium c>anide with alkyl halides. The reaction is a nucleophilic 
substitution reaction, in which CN" acts as the nucleophile The cyanide ion has an 
unshared pair of electrons on both ends: C=N~: . Therefore either carbon or 
nitrogen atom may act as the electron donor to the alkyl group. Alkyl cyanide is 
the chief product with potassium or sodium cyanide and isocyanide a minor product. 
With silver cyanide the chief product is th'c alkyl isooyanidc. An anion like the 
cyanide ion, which may attack a given substrate molecule with either of its two 
attacking points (carbon or nitrogen atom m this case), givins rise to two different 
products is called as ambident nucleophile. 

„RCN 

RX + (CN)' 

^RNC 

(ii) From acid amides : Aryl and alkyl cyanides can also be prepared by 
dehydration of acid amides with P 2 0 5 or SOCl a . In fact this is a more suitable 
method, because no isocyanide is formed in this reaction. 

PaOs 

CHaCONHa -► CH a CN 

-H a O 

soa* 

CHaCONHa-*■ CHaCN + SOa + 2HC1 

18.1-3 PHYSICAL PROPERTIES 

-CN group is a highly polar group; so i. the -NC group. A. a mult both the 
cyadde. and the isocyanidei have high dipole moments resulting in sL-ong inter- 
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molecular attractions and high boiling points. A comparison with alkyl halides of 
comparable molecular mass would show this: 


Compound 

Mol. Mass 

b p. 

CH«—C a N 

41 

353 

CH>—N 5 C 

41 

332 

CH.-C1 

50.3 

249.3 


Methyl cyanide is completely miscible with water. In general, solubility of these 
compounds in water decreases as we go up the homologous series. They are all 
soluble in non-polar solvents. The alkyl cyanides have generally pleasant odours 
whereas alkyl isocyanides have very disagreeable odours. 

18.1-4 CHEMICAL PORPERTIES 

There are two important types of reactions of nitriles i.e., hydrolysis and reduction. 

(a) Hydrolysis : Nitriles can be hydrolysed both under acidic and basic 
conditions to give carboxylic acids and ammonia. 

O O 

+H a O II +H 2 0 II 

CH 3 CN-*-CH 3 -C-NH 2 -► CH 3 -OOH+NH 3 

HC1 or H 2 S0 4 HC1 or H 2 S0 4 

O O 

+H a O || NaOH || 

CH a CN-►CH 3 -C-NH 2 -► CHs-C-ONa+NHs 

(NaOH) 

Under similar conditions isocyanides yield amines and formic acid, 
acid or 

RNC+2H a O-*- RNHa+HCOOH 

base 

(b) Reduction : Nitriles can be reduced catalytically by hydrogen in presence 
of Pt or Ni or chemically by reaction with sodium and ethyl alcohol. The product 
is the corresponding primary amine. 

H a (Pt/Ni) 

CH 3 CN--► CHgCHaNHjj 

Na+QHfiOH 

Isocyanides on reduction yield secondary amines. 

H a (Ni/Pt) 

RNC-v RNHCH 3 
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18.1-5 USES 

Conversion of an alkyl halide to a cyanide results in the increase of one carbon 
atom in the molecule; so this provides a method of stepping up in series. The 
cyanides can be converted to amines or carboxylic acids as well as their derivative* 
Cyanides are, therefore, useful intermediates in organic synthesis. Following 
reactions illustrate some of these transformations : 


reduction 


R1 + KCN—>-RCN-► RCH 2 NH 2 


hydrolysis 

(acid) 


NaOSr 

RCONH 2 ->-RNH, + CO- 

Hofmann’s 

bromamide 

reaction 

hydrolysis 

-->-RCOOH + NH a 


Vinyl cyanide or acrylonitrile, CH.-CHCN, has a large scale commercial use in 
the production of nitrile rubbers and synthetic textiles. 


18.2 NITROCOMPOUNDS 


The functional group in these 


compounds is the mtro (NO, or -N 


/ 

N 


O 

O 


group). 


The aliphatic mtro compounds are called nitroalkanes and the aromatic ones, nitro- 
arenes Examples of nomenclature : 


CH.NO, 

CH.CtfjNO, 

CH.CH.CH.NO 

CH,-CH-CH 3 

NO a 


nitromethane 

nitroethane 

1- nitropropane 

2 - nitropropan& 




CHs 



NO* 


nitrobenzene o-nitrotoluene p-nitrotcluene 

Isomeric compounds with the alkyl or aryl group attached to -O-N = O group are 
called, nitrites; thus CH,-0-N '= o is named as methyl nitrite. 
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Aromatic nitro compounds are easily prepared by nitration of the corresponding 
aromatic compound with HN0 j/HsSO 4 ; a reaction discussed earlier (Part I, Sec. 18.7) 


+ HO-NO* 


H,SO* 


NO* 



+H 2 0 


Such electrophilic aromatic substitution is facilitated by the presence of electron 
donating gfoups in the aromatic ring hl<e the -OH group (in phenol) or -CHj group 
(in toluene) and is made more difficult by electron withdrawing groups like -NOj (in 
nitrobenzene) or -COOH (in benzoic acid). 

Aliphatic hydrocarbons do not undergo direct nitration so easily. High tempera¬ 
ture nitration with nitnc acid vapour gives lot of oxidation products along with some 
nitroalkanes. This is the commercial method for making nitroalkanes. 

NO* 

fCHa-CHt-CH-CHa and 

CHjCHjCHj-CHa + HNOa-*• < 2-mtrobutane 

butane LCHgCH^CHjCHjNO, 

1-nitrobutane 

+ oxidation products (COj+HjO-f NO,, etc.) 

Nitroalkanes can also be prepared by treating alkyl iodides with sodium nitrite. 
Treatment of an alkyl iodide with silver nitrite yields isomeric alkylnitntcs m addition 
to mtroalkane. 


O 

RI + NaNO* —► R - + Nal 

*0 

RI + AgNO, —► R-O-tf-O + AgI 


Nitrite ion (-O-N — O), like the cyanide (CN), is ambhfent. It has two points of 
attack. Attack by oxygen on the aBcyliodide gives alkyl nitrites ami by nitro¬ 
gen gives nitroalkanes 
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'.8.1-1 PHYSICAL PROPLRTIES 

Nitroparaffins or nitroalkanes are colourless liquids of agreeable odour They are 
sparingly soluble in water, but dissolve readily in organic solvents They are highly 
polar compounds and have higher boiling points than the hydrocarbons of compar¬ 
able molecular masses. Nitroparaffins distil smoothly, whereas the isomer'c alley! 
nitrites explode on heating. 

Aromatic nitrocompounds like nitrober :ene have generally a pale yellow colour. 
Nitrobenzene has a smell of bitter almonds. It has a high dipole moment and a 
high boiling point (483K). The aromatic nitrocompounds are not soluble in water; 
they are soluble m organic solvents. 

18.1-3 CHEMICAL REACTIONS 

(1) Reduction . The most important reaction of the nitrocompounds is their 
reduction to corresponding amines. This nan be done by catalytic reaction with 
hydrogen in presence of Pt or Ni as well as by using strongly reducing mixtures like 
Fe, Sn or SnCl, with HC1. 

RNO a + 3H, —* RNHi + 2H,0 

(2) Salt formation : Nitroalkanes exist in nitro form and aci isomeric forms. 

+ /O T yOH 

R—CHi — N< *=* R-CH=.N( 

x O XT 

nitroform aciform 

This phenomenon, involving reversible migration of a proton to give two very similar 
structural isomers in equilibrium with each other, is known as tautomerism. The 
isomers are named as tautomers (You have also studied this type of isomerism in 
Sec 18.4 of Part I.) Aci form is a weak acid and can form salts with strong bases. 


R - CH= 


,/OH 

*N( 

x O~ 


+NaOH 


RCH=N ^ 


ONa 

< + 

x cr 


H 2 0 


sv r ondary nitroalkanes, RjCHNOj, can also tautomerise to aci forms but tertiary 
nitioalkanes, R a C-NOa cannot. Therefore tertiary nitroalkanes do not form salts. 

(3) Reaction with nitrous acid : The reaction with nitrous acid offers a method 
of distinguishing primary, secondary and .ertiary nitroalkanes. A primary nitro" 
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alkane gives a nitroso-derivative, This has a tautomeric aciform called nitrolic acid 
which dissolves in an alkali to give a red solution. 

NO 

R-CH a NO a 4- ^ONO-* R-CH-NO a base (alkali) 

—H a O nitrolic acid-► Red solution 

A secondary nitro compound reacts with nitrous acid to give a blue nitroso deriva¬ 
tive. This cannot tautomerise to aci form and is insoluble in water as well as in an 
alkali. 

R 2 CHNO 3 + HONO-►RaC-NOn 

I 

NO 

blue colour 

Tertiary nitroalkanes do not react with nitrous acid as there is no hydrogen atom 
on the carbon atom carrying the NO a group. They remain colourless and unchanged. 

RaC—NO a -f OHNO—► no reaction 

(4) Hydrolysis : The hydrolysis of primary nitroalkanes in presence of acids 
yields carboxylic acids and the salt of hydroxyl-amine. 

RCH a NO a + HC1 + H a O—*-RCOOH + NH a OH.HCl 
This method has been used for the commercial production of hydroxyl amine. 

18.2-4 USES 

Nitroalkanes have been used for the production of hydroxylamines, as solvents 
in plastics industry and as intermediates in production of explosives, detergents, 
medicines, etc. Most of the commercial chemical explosives are polynitro-com- 
pounds. Trinitro toluene (TNT) and trinitrobenzene are two of such explosives. 

18.3 AMINES 

Amines may be considered as amino derivatives of hydrocarbons or as alkyl 
derivatives of ammonia. The latter analogy suggests that one, two or all three 
hydrogen atoms in ammonia may be replaced by alkyl or aryl groups. Compounds 
corresponding to each of these possibilities are known They are classified as primary, 
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secondary or tertiary amines according to the number of alkyl gioups substituted 
into thi ammonia molecule. 

H « R 

| , I I 

R — N —- H R-N-R R-N-R 

primary aininc secondary amine tertiary amine 

When one or more of the groups substituted into ammonia molecule is an aro¬ 
matic ring, the amine is regarded as an aromatic amine e.g. CeHjNHj (aniline), 
(C 6 H 5 ) 2 NH (diphenylaimne), etc 

18.3-1 NOMENCLATURE 

In the IUPAC system amines have been named by replacing the ending ‘e’ of 
alkanes by amine e g, CNaNHj will be called methanamme. Amino group may also 
be treated as a substituent and the location of the ammo group on the carbon chain 
is indicated by a number Thus we can have 1-aminopropane, or 2-aminopropane. 
Trivial names for the amines arc ohtaincd mingle words by giving the name of the 
relevant alkyl group an^ adding the suffix amine Formulae and names of the first 
few primary amines are given below 


Compound Trivial name 


IUPAC name 


CH.NH, 

CH,CH,NH, 

CH,CH, CH.NH, 

CH 1 CHNH 1 

I 

CH, 


meihylamine 

ethylamme 

n-propylamine 

no-propylamine 


smmomethane (methanamme) 
ammoeihane (elhanamine) 

1- aminopropane 

2- aminopropane 


Amines m general, and secondary and tertiary amines in particular are more often 
known by their trivial names. 

Aromatic amines are the compounds iu which one or more aryl radicals are suo 
stituted in the ammonia molecule. These compounds are also generally named as 
derivatives of the simplest aromatic amine, aniline. 



anilin e 

(primary amine) 


N—methylaniline 
(secondary amine) 


N, N—dimethylaniline 
(tertiary amine) 
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Diphenylammc 
(secondary amine) 


2, 4, 6 —tribromoahilinc 
(primary amine) 



18.3-1 PREPARATION 

In the laboratory amines can be prepared by the following general methods . 

(a) From alkyl halides 

(i) By the action of ammonia—this type of reaction is called ammonolysis. An 
alkyl halide like methyl iodide can react with ammonia in the following way: 

nh 3 + ch 3 i —* ch 3 nk 2 hi 

ch 3 nh 2 .hi + nh 3 —► ch 3 nh 2 + nh 4 i 

Th* hydrogens of—NH 2 group may also get replaced by further alkyl groups in subse¬ 
quent fteps: 

CH 3 l 

CHaNH*-* CH 3 —NH—CH 3 (secondary amine) 

—HI 

CH 3 

ch 3 i j 

CHj-NH-*■ CH 3 —N (tertiary amine) 

I -HI | 

CH 3 CH 3 

Another molecule of CH S I will get added on the tertiary amine to form a quaternary 
ammonium iodide; 

(CHa)aN + CH 3 I —- [(CH 3 ) 4 N1+ I" 

The composition of the mixture obtained will depend on the ratio in which CHjl 
and ammonia have been taken. However, the mixtures obtained art very complex 
and difficult to separate. This method is not of much practical value. 
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(„) Gobi id's synthesis ■ Only primary amines can be prepared by this method. 
Following IS the .sequence of reactions for the synthesis of ethyl amine starting from 

phthalimide 


alcoholic KOH 


7~S 




NH - 


phthalimide 


a COOH 
COOH 

phthahe acid 


+ 



C,H 6 NH 2 

ethylamine 


H 2 0 

OH" 


OG ' c2H5 

N—ethyl phthalimide 


Phthahe acid can be again converted to phthalimide and used repeatedly. 


O') From nitro-compounds, nitriles and amides by reduction 


’ As we have seen, reduction of the nitro compounds can be carried out by using 
hydiochloric acid and a cheap metal like iron, zinc or tip Catalytic reduction with 
hydiogen m the presence of platinum or nickel j» also possible. 



This is the most important method for the preparation of primary amines especia¬ 
lly aromatic primary amines, as aromatic nitro compounds are very easily obtained 
by nitration. . -- 
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Alkyl cyanides can be reduced to give primary amines This reduction can be 
done catedjrtically as above, or by using sodium and ethanol 

2CaHsOH + 2Na —► 2C2H 5 ONa >f 2H 
+ 4H 

CHaCN---* CHgCHsNHa 

[socyanides on similar reduction give secondary amines 
+4H 

CH 3 NC-* CH 3 NHCH a 

(c) From amides by Hofmann bromamida reaction 

Acid amides when treated with bromine and alkali give primary amin.es-e.g., 

NaOBr 

CH a COMH t -----► CH 3 NH 2 4 NaBr -f CO, 

(or Br 2 + NaOH) 

The OO a formed is absorbed by the id&OH present. It may be noted that 
he amide molecule has Jost a carbon tuom in the reaction. This reaction is 
Called Ho/mamt broniamide Reaction and provides a method for stepping down the 
series, since the amine would contain one carbon less than the acid amide taken. 


18.3.3 INPUSTIUAL PREPARATION 

Some of the simplest and the important amines are prepared on an industrial 
Seale by processes that are not applicable as laboratory methods. 

On an industrial scale, aliphatic amines like methylamine, dirnethylamine and 
trlmethylamine are prepared by passing mixed,, vapours of methanol and ammonia 
over alumina heated to 723K. 


CH 3 OH 

NH, : -*■ CH 3 NH 2 

AljOa,723K 


CH 3 OH 

-*• (CH 3 ) 2 NH 

AI 2 O 3 , 723K 


CH 3 OH 

-„ (CH 3 ) 8 N 

A1 2 0*723K 


For the Corresponding ethylamines ethanol and ammonia r can be used. 

Aniline, the most Important aromatic amine is prepared by the reduction of 
nitrobenzene with chean reducing reagents like iron and steam in the presence of a 
small quantity of hydrochloric acid. The p/es/nce ot the acid helps in the release of 
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hydrogen from steam by iron. The acid is regenerated and keeps on cycling in the process. 

Fe-f 2HC1-►FeC! 2 +2H 

FeCi»+2H,0—>Fe(OH)a+2HCl 

NOj 

Fe/steam 
HC1 




Chlorobenzene reacts with ammonia only at high temperatures and high pressures 
in the presence of a catalyst. 

c» 

NHj/CuaO 
473K, 60atm 

18.3-4 PHYSICAL PROPERTIES 

Amines are polar compounds and, except tertiary amines, can form intermole- 
cular hydrogen bonds. 

CH 3 CH a CH 3 CH 3 

I I I I 

H. N-H -- N —H -N-H-• N-H-- 

I I I I 

H H H H 

Amines therefore have higher boiling points than non-polar compounds of nearly 
the same molecular masses However, because of the lower electronegativity of nitrogen 
compared to oxygen, the hydrogen bonds in amines are weaker, and consequently their 
boiling points are lower than those of correspondidg alcohols or carboxylic acids. 


Compounds 

Mol mass 

b.p■ (A) 

0,H, (ethane) 

30 

IMS 

CH«NHi (methylamme) 

31 

265.5 

CHtOH (methyl alcohol) 

32 

333.0 

HCOOH (formic acid) 

46 

374,0 



NHt 
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Amines of all ihe three types are capable of forming hydrogen bonds with water. 
As a result lower aliphatic amines are soluble in water (methyl and ethyl amines are 
sold as 30% aqueous solutions) the higher ones with larger alkyl groups are less 
soluble; border line solubility being reached at about six carbon atoms in the 
molecule. Amines are also soluble in less polar solvents like benzene, ether, alcohol, 
etc. Aromatic amines are insoluble in water but soluble 'in benzene, ether and 
alcohol. 


Ethyl and methyl amines smell like ammonia, higher amines have fishy odours. 
Aromatic amines are very toxic and are very easily oxidized by air and get coloured 
on keeping although they are colourless when pure and freshly prepared. 

IS.3-S REACTIONS 

Like ammonia, amines of all the three classes have an unshared pairs of electrons 
on the nitrogen atoms. Chemical properties of amines result fiom the tendency of 
nirogen atom to donate this pair of electrons to electron acceptors. Amines are thus 
basic compounds; they are much more basic than water Like ammonia they take 
up a molecule of water to form quaternary ammonium hydroxides. Basic powers 
or amines can be compared by measuring their dissociation constants, Kb. 

RNHgOH t* RNH 3 + +OH~ 

[ RNH 3 + ] [ OH-1 

K b -- 

f RNH 3 OH ] 


Each amine has its characteristic dissociation constant, Kt; ihe larger the value of 
Kb, the stronger the base. Kb values for ammonia and some amines are given below : 


Compounds 

Kb 

NH. 

1 8 xI0~r 

CH.NH, 

4.5x10-* 

(CH.),NH 

5.4X10-* 

C.H.NH, 

4 2 X lO" 1 * 


The alkyl groups increase the availability of electrons on the nitrogen atom making 
these amines more basic than ammonia. On the other hand an aromatic nng 
attracts electrons from the nitrogen and greatly reduces its basic character 


Chief among the substances which are deficient in electron* and which may accept 
electrons from the nitrogen atom of an amine are (i> protons, 00 metal ions. 
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(m) carbon atoms of low electron density, e.g. Nc- O group, and (iv) oxidizing 

agents Consequently the reactions of amines can be conveniently classified as 
follows. 

(a) Protonation 

(i) Reaction of amines with water : We have already seen above that amines 
react with water to give substituted ammonium and hydroxyl ions , 


RNH 2 +H 2 0 -► RNHaOH V* RNH 3 + +OH- 

The presence of OH" ions in an aqueous solution of an amine is shown by 
precipitation of heavy metal hydroxides like Fe (OH) 3 on addition of a solution 
of FeCl 3 : 


f II 1 + 

I I I 

3 | CHa-N-H | OH“ + FeCl 3 


l H j 


H 

I + 

■+ Fe (OH) 3 + 3 CH 3 ~N HC1“ 

I 

H 


(ii) Reaction of amines with acids Acids combine with amines to form substi¬ 
tuted ammonium salts. Reaction of ethyl amines wiib hydrochloric acids is 
given below : 

C,H 5 NH.,+HC1-*■ CjHfiNHa* +C1“ 


Salts of amines are ionic compounds- They are non-volatile solids, and generally 
decompose "before their melting points are reached They an- soluble lit water and 
insoluble in nan-polar solvents. The amines, which are insoluble in watea, can be 
converted to the water soluble quaternary ammonium salts. 


The difference between the solubility of an amine and its salt can be used to 
detect an amine and also to separate it from non polar substances A water inso¬ 
luble nitrogen containing organic compound that dissolves in cold dilute hydrochloric 
acid can be taken to be an amine An amine can be separated from non-polar 
substances and water insoluble organic acids, taking advantage of its solubility in 
dilute mineral acids. After separation, amines can be regenerated by basifying the 
aqueous solution. 

H+ 

c 8 h 5 nh 2 c 9 h 8 nh 3 

OH- 


water 


water soluble 
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Basic nature of an amine can be used For its qualitative estimation by titration 
with a standard solution of strong acid, 

(iii) Reaction of amines with nitrons acid Nitrous acid reacts with amines 
differently than other acids. It gives straight forward salt formation with aliphatic 
tertiary amines but its reactions with aliphatic and aromatic primary and secondary 
amines are different Nitrous acid is unstable in more concentrated solution, there¬ 
fore it is generated in presence of the amine from sodium nitrite using a mineral acid 
Reactions are carried out at low temperatures between 273 to 278 K. 

Reaction of a primary amine wi'h HNO 2 

Primary aromatic amines react with nitrous acid to give diazomum salts 

acid 

C 4 H 5 NH, + HONO-* C 6 H 5 N 2 OH + H.O 

QHsNjOH + HC1-► QHsNuCr + H.O 

Benzene dia- 

zonium 

chloride^ 

Aromatic diazomum compounds are very important synthetically and will oe 
taken up in later section. 

Primary aliphatic amines react with nitrous acid to give aliphatic chazo'riium 
compounds, these are unstable and decompose during the reaction to give alcohols. 

CH 3 NH 2 - HONO-+CH 3 N 2 QH + H z O 

CH, N 2 OH-►CH 3 OH ■+■ N 2 

Reaction of nitrous acid with secondary amines . 

Secondary amines, both aliphatic and aromatic, reatt with nitrous acid to yield 
N-nitroso amines. These are yellow coloured neutral ■compo inds insolublefu dilute 
aqueous mineral acids 

CHs \ n _H + HONO -* a ^N-N = O + H 2 0 

ch 3 / ch ^ . 

dimethyl-N-nitrosoamine 


O CH 3 “ • - 

~N --H + HONO—* 


CHj 

/*\-N-N=-0 +H.0 


methylpbenyl-N-mtrosoamine 
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Reaction of tertiary amines with nitrous acid 

Aliphatic tertiary amines form trialkyl ammonium nitrites with nitrous acid, 

(ch 3 ) 3 n + hono->^(ch 3 ) 3 nhJn62 

trimethylammonium nitrite 

Due to very strong activation of the aroma i.c ring by an alkyl amine group, aromatic 
tertiary amines undergo substitution on the ring, generally in para position to give 
paranitroso compounds, 


H a C x 

h 3 c / 


N 



+ HONO —*- 


h 3 c x 

Hsf/ 


N 



+H a O 


Introduction of-N=0 group in an aromatic ring is called mtrosation. The 
contrasting behaviour of amines towards nitrous acid may be used to differentiate the 
three classes of amines. Thus a primary aliphatic amines liberates a gas (N 2 ), a 
secondary amine gives a water-insoluble oil, sometimes yellow in colour, and a ter¬ 
tiary amine gives a water soluble salt, 


(b) Reactions of amines with metal ions 

Like ammonia amines form coordination compounds with metal ions like 
Ag' andCu 2h Silver chloride dissolves in methylamine solution with formation 
of a complex salt, [Ag(CH 3 NH 2 )] + Cl~. Cupric chloride gives a deep blue complex 
with methylamine solutions, which has been assigned the structure : 


NH 2 CH 3 

4 

CH 3 NH 2 -*Cu«-NH 2 CH 3 

t 

NH 2 CH 3 


2+ 

(Ci J 2 


These complexes can be compared with the corresponding cnes formed with 
ammonia. 


(c) Reaction of amines with alkyl halides 

Amines react with alkyl halides much the same as ammonia does. Thus a primary 
amine can be converted to a secondary and tertiary amines and finally to a quaternary 
ammonium salts, 

CH a NH 2 + CHjI — - (CIIa) g NH + HI 
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(CH 3 ) 2 NH + CH 3 I-► (CH 3 >jN + HI 

fCH 3 ) 3 N + CH 3 I-> (CH3I4NI 


If the reaction with methyl iodide is carried out till a quaternary 1 salt is produced, 
the process is called exhaustive methyhttiort. The quaternary salts give quaternary 
ammonium bases when their aqueous solutions are treated with silver hydroxide. 

In contrast to ammonium hydroxide, these quaternary bases are quite stable at 
ordinary temperatures. They are obtained as deliquescent solids when their solutions 
are evapo rated to dryness in vacuum at low temperatures Quaternary ammonium 
bases are ionic In nature and are a* baste as sodium and potassium hydroxides 

On heating, however, the quaternary ammonium bases decompose. Tetrameiiiyl 
ammonium hydroxide gives trimethyl amine and methyl alcohol, 
heat 

(CH a )aN+OH-- 1 - (CH 3 ) 2 N + CH 3 OH 

389K 


But if one of the alkyl groups has two or more carhop atoms twe piodueis’&re a 
tertiary amine, an alkene and water, e.g, in the case of tnmetbyi ethyl amVnouiuni 
hydroxide, the decomposition will be represented as . 

r ch 3 *1 


<pHa — N — 
CH a 


CH 2 — CH 3 


heal 

OH-♦ (CH 3 ) 3 N + CH 2 =Cfr 2 + H 2 0 


This sequence of reactions forms the basis of Hofmann"? method for decking struc¬ 
tures of unknown complex amines. The unknown amino compound is exhaustively 
methylated and converted into its quaternary base. Thermal decomposition of the 
latter gives a tertiary amine and an olefin From the structures of these two, especially 
the olefin, it is possible to deduce the structure of the parent ammo compound. 
The number of moles of methyl iodide that react with one mote of the amino 
compound also indicates whether the amino group is primary, secondary or tertiary. 


RCHaCHsNHa 


3CHal 


CH* 

I 

R—CH,—CH,—N-CHa 
CHa 


1 


AgOH 


(CHa)*N + HjO + RCH - CH, 


heat 


CHa 

RCHaCHa-N - CH* 

CHa 


OH" 
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(dj Reactions of amines with compounds containing carbonyl groups 

Airlines act as nucleophiles towards compounds like aldehydes, acid chloride;, 
and acid anhydrides, all of which have carbonyl groups The carbon of the carbonyl 
group it electron deficient and is susceptible to nucleophilic attack. 

/ I 

R-NH 2 +0=C -► R-NH -C- 


(1) Reaction of primary amines with aldehydes 
Primary amines react with aldehydes to form Schiff’s bases 
H 

I 

RNH 2 + 0 =c - R-► RN=CHR + H 2 0 

(Schiff’s base) 

In a typical reaction aniline reacts with benzaldehyde to give benzalaniline*. The 
reaction is exothermic and spontaneous. 

C 8 HbNH, +-0=CH-C;H5 —► C 6 H 6 N=CHC«H5 + H 2 0 

benzalaniline 

Schiff’s bases can be reduced to secondary amines and therefore this method provides 
a convenient route to their preparation. 

reduction 

RN= CHR-* RNHCH 2 R 

(ii) Reactions with acid chlorides and acid anhydrides 

Acid chlorides react vigorously with primary and secondary amines to give 
substituted acid amides. Aniline reacts with acetyl chloride to give acetanilide. The 
reaction is generally done in the presence of some base like pyridine or sodium 
hydroxide to neutralize the HC1 formed 


O 

II 

CH 3 -C-CI 4- H 2 N- 
aeetyl chloride 



O 

acetanilide or N-methyl ethanamide 


base II 

— CHj-C-NH 
—HCI 



CH=group is called the benzal group. 
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Substituted acid amides like acetanilide could also be considered as acyl deriva¬ 
tives of amines In the above case acetanilide is acetyl derivative of aniline. Only 
the primary and the secondary ammes undergo acylation reaction. Tertiary amines 
do not undergo acylation (even though they are bases) because they do not have 
hydrogen, attached to nitrogen which may be lost as HC1. 

The reactions of amines with acid anhydrides also yield acyl derivatives of amines 
but this reaction is slower than\the reaction with acyl chlorides 



CH3-C-O-C-CH3 + NH 2 .C 6 H 5 —* CH 3 -C-NHCaH 5 + CH 3 COOH 

I 

O 

II 

Acylation of a compound is the introduction of R—C— group into its molecule;'the 

O 

II 

introduction of CH 3 —C— group is called acetylation Acetylation can be carried out 
with acetyl chloride in the presence of a base or with acetic anhydride. Introdution 

O 

II 

of C 6 H 5 -C— group into a compound is called benzoylation. Benzoylation of an amine 
is done by reacting it with benzoyl chloride in presence of a base. 

(e) Oxidation of amines 

Amines undergo oxidation in air to form N-oxides which are the compounds 
having oxygen attached to nitrogen 

H 

I 

CH 3 €H 2 NH 2 -► CH 3 CHj—N- sO 

I 

H 

Especially aromatic amines get very easily oxidized on exposure to air leading to 
formation of complex coloured products. Pure amine can be recovered by distil¬ 
lation of a coloured sample When aniline is oxidized by strong oxidizing agents, 
some complex reactions take place Aniline gives a black dye on oxidation with 
sodium dichromate and sulphuric acid, this dye is called analine black. On controlled 
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oxidation of aniline with the same reagents, p-benzoquinone is formed. 



NasCr^Oj 

h 2 so^ y 



O 


p-benzoquinone 

(f) Ring substitution in aromatic amines 

We have Seen that the amino group (more so—NHR or—NR 2 group) acts as a 
powerful activator and ortho-para director in aromatic electrophilic substitutions. 
These effects can be explained m terms of the electron delocalisation which increases 
electron density at the ortho and para positions. 



(«) HalegtfkttUn 

Activation by amino group is so powerful that aniline gives 2, 4, 6-tribromo- 
anilioc. with aqueous solution of bromine. Bromine enters the para and both the 
ortho positions 



-f- 3HBr 



If a monobromo compound is desired? aniline is acetylated before bromination. The 
sequence of reactions can be, 


NH, 

6 


nhcoch3 


+ CHaCOQ- 


base 




+■ HBr 


(minor) 
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Electron withdrawal by carbonyl oxygen here makes nitrogen of the amide a poorer 
electron donor than that in the amine, though it still remains an activating and 
ortho-para directing group. From the p-bromoacetanilide, p-bromoaniline tx obtained 
by acid-hydrolysis followed by addition of an alkali. 


Br 



NH-'CO- CH 3 + HOH 


(H + ) 



-FCHaCOOH 


(ii) Nitration 

Nitric acid is not only a nitrating agent but also a strong oxidizing agent, so direct 
use of HNO 3 leads to the formation of a lot of tarry oxidation products. Nitration 
of acetylated amine proceeds smoothly, the acetyl group Can be removed after ihe 
nitration. This use of acetylation as an intermediate step is referred to as protecting 
the amino group. 



HNOj, 28 8K 
(HjSOa) 



NOz 


+ HjO 

(hT 



no 2 


mainly 

It would also be releVant to mention that in a strongly acidic solution, an ammo 
group will undergo protonation. So substitution (-nitration) reattion will be con¬ 
trolled by NH 3 + group rather than -NH* group NH.j*- is a deaf tivating and meta- 
directing group because of its positive charge So nitration under these conditions 
will give mostly the meta isomer 


(iii) Sulphonation 


Aniline is usually sulphonated by heating its Salt, anilinium hydrogen sulphate, 
at 455-475 K. The chief product is p-amino benzene sulphonic acid. It is also 
called sulphanilic acid. 



anilinium hydrogen 
sulphate 


SOj 

sulphanilic acid 
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Sulphanilic acid is an important compound. It has a high melting point 553-573K; 
aniline melts at 2f>7K and benzene sulphonic acid at 339K Sulphanilic acid is ihso- 
ljiblein water and in organic solvents; aniline itself is soluble in organic solvents but 
not so much in water. Benzene sulphonic acid is extremely soluble in water. In fact, 
sulphonic acid group' is introduced into substances to make them more soluble in water 
(e g., commercial detergents are very often sodium salts of alkyl benzene sulphonic 
acids, RCoH^SOs'Na^) A mind are soluble in aqueous mineral acids because of their 
conversion to soluble salts, sulphanilic acid is soluble m aqueous bases; but insoluble 
in aqueous acids. 





so » SO, 


water insoluble water soluble 

(I) (II) 

So both as regards its melting point and solubility, sulphanilic acid is very different 

from aniline as well as benzene sulphonic acid This strange behaviour of sulphanilic 

acid can be explained if we note that its molecule has the structure I shown above. 
+ 

It contains both—NH 3 and—SOs" ionic groups in the same molecule. Sulphanilic acid 
is therefore a substance of a special kind, It is a dipolar ion or zwitter ion. This 
results from an acid and a base group being present in the same molecule The high 
melting point and insolubility are characteristic of this internal salt formation. In an 
alkaline solution, the strongly basic OH" ions remove the protons from -NH 3 , and 
the resulting sodium salt of sulphanikc acid (II) is found tc be soluble in water 
However internal salt formation prevents its interaction with acids and thus sulpha¬ 
nilic acid does not dissolve in mineral acids or in water. 

The amides of sulphonic acids are called sulphonamides. Some of these are 
widely used against bacterial infections. The sulphonamides are commonly called 
sulpha drugs. Out of a few hundred known sulpha drugs the formula* of three 
common ones art given below.: 


HjH 



'-S0 2 NH 2 




sulphanilamide 
(from sulphanilic acid) 


sulphathiazole 
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sulphadiazine 

1* ** 3-6 TEST OF AMINES 

Amines are characterized through their basicity. A nitrogen containing compound 
that dissolves in cold dilute HO is certainly an amine 

Whether an amine is primary, secondary, or tertiary is best shown by Hinsberg 
Test. In this test the amine is shaken with benzene sulphonyl chloride in the presence 
of excess of aqueous potassium hydroxide A primary amine yields a clear solution 
from which on acidification an insoluble material separates. Secondary amine gives 
an insoluble compound which is unaffected by addition of an acid. A tertiary amine 
does not react, it remains insoluble in alkali, and can be dissolved in acid 

OH- 

RNH2+C e H 5 —S0,0 -* C,H s SO,NHR* 

primary | 

amine KOH i 

C fl H 6 -SO,NHR «- C 6 H 5 SO s NR-IO 

N-alkyl benzene sulphonamide H + (clear solution) 

(insoluble) 

, OH” ,, OH" 

R,NH 4 - QH 5 —SOjCl -► CgH 5 S 0 2 NR 2 -*■ no reaction 

secondary (insoluble) or H + 

amine 

. v CH- 

R-aN + CgHj—S0 2 C1-► no reaction 

Primary amines (both aliphatic fnd aromatic) can also be detected by heating 

with chloroform in the petsence of an alkali. Isocyanides formed have an 'extremely 
unpleasant smell. 

RNH a + CHCla + 3KOH —► RNC -f 3K.C1 + 3H a O 

isocyanide 


* N—alkyl benzene sulphonamide 

**N, N dialkyl benzene sulphonamide 
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11^-7 USES OF AMINES 

Aromatic amines are used extensively as intermediates for the commercial 
production of dyes, drugs, photographic developers and textiles. They also serve 
as starting materials for the synthesis of many compounds by the diazotization 
reaction. Amine salts of carboxylic acids have been used as herbicides. 

18.4 DJAZONIUM SALTS 

We have already seen that the reaction of primary aromatic amines with nitrous 
acid gives ah important class of compounds called the diazonium salts. These 
sails have the general formula ArN + 2 X - , where Ar is an aromatic ring and X is 
any anion like Cr, Br~, HSOj“, etc. The diazonium salts have the structure : 

[Ar—N = N: X" 

They are named by adding the word dizomum the name of, the parent aromatic 
compound to which they are related, followed by the name of the anion, e. g. 



benzene diazonium chloride p-toluene diazonium chloride 


18.4- 1 PREPARATION 

The reaction between a primary aromatic amine and nitrous acid to produce 
diazonium salts is called duitotnrahon. Since nitrous acid \9 itself unstable, it is 
generated in situ from sodium nitrite and a mineral acid like hydrochloric or 
sulphuric acid. The reaction is generally carried out at a low temperatures 
(273 to 278K-) since the diazonium salts (and also nitrous acid) would decompose 
'at higher temperatures Diazottfation of aniline can be represented as . 

273-278K 

OjHsNH. + HONO + HC1-*• C«H 5 N 2 + Cr + 2H 2 0 

18.4- 2 PHYSICAL PROPERTIES 

Dry diazonium salts are crystalline solids. They are unstable and feadily 
explode when in the dry state. So they are seldom isolated, and are used in the 
solutions in which they are prepared. 

18.43 REACTIONS 

Reactions of diazonium compounds can be classified into two categories (a) 
Replacement reactions (b) Coupling reactions. 
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Replacement reactions : Here the diazomum group on the ring is replaced 
by some other group. Nitrogen is lost in an elemental form 

The following equations show how some of the replacement are earned out. 

1. Hydrogen : ArNjX + H 2 P0 2 + HOH-► ArH + N 2 + H 3 PO s + HX 

warming 

2. Hydroxyl: ArN 2 X + HOH-► ArOH + N 2 + HX 

(H+) 

3. Iodine : ArN 2 X + XI-* Arl + N 2 - XX 

Cu 2 Cl 2l Cl - 

4. Chlorine : ArN s Cl-*■ ArCl + N, 

Cu 2 Br 2l Bi“ 

5. Bromine : ArN 2 Br-► ArBr + N 2 

CuCN 4- CN" 

6. Cyanide group : ArN 2 X-► ArCN -+• N 2 + X~ 

Reactions 4, 5 and 6 are collectively known as Sandmeyer's reaction, 

Cu-powder 

7. Gatterman reaction : ArN 2 X-► ArX + N 2 

HX 

Gatterman’s modification consists of using freshly prepared copper powder in the 
presence of corresponding hydrogen halides. 

Since nitro group is easily introduced into an aromatic ring, the above sequence 
gives a method of introducing a variety of different functional groups into an 
aromatic molecule. Sometimes synthesis of a compound which can not be made 
directly ia possible via the diazonium salt. For example, it is not possible to prepare 
m-bromotoluene directly either by bromination of toluene, or methylation of bromo 
benzene, both of which would give oitho/para isomers. The following sequence of 
reactions though long, gives the desired product: 



nitration 

HNQ,ASO« 



NO* 


reduction 

- I i— ii 

Fe, HC1 


CHs 



NH* 


acetylation 

(CHgCO^O 
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NHCOCHs 


H s 


Br» 


Br 



NHCOCH* 


CH a 

hydrolysis 
H.O.H+ * 


NHjt 


diazotization 

NaNOj.HCl 



reduction 


HaPO>, H a O 



Fflr m-bromophend similarly, the diazonium compounds provide a possible route : 



nitration 


HNO a , H 2 S0 4 


NO s 

i 



ferojnination 

Br 2 /Fc 




N 2 C1 



diazotization 


at 273K 
NaNOa.HCl 


Fc.HCl 

reduction 


+ 

TSU, 

I 



(b) Coupling Reactions: In these reactions nitrogen is retained in the product. Under 
proper conditions, diazonium salts react with aromatic compounds having strongly 
electron releasing groups like — OH, — NR 2 , — NHR, — NHj. etc. Substitution 
generally occurs at para to this activating -group, Phenols couple in mildly alkaline 
medium, and amines in mildly acidic medium. The reaction is an example of aromatic 
electrophilic substitution, in which the diazonium ion, ArN 2 + , acts as the attacking 
electrophile. 



+ ArN s + -*■ HO 



N»N-Ar 


azo compound 


"Hypophosphorus acid. 



COMPOUNDS WITH FUNCTIONAL GROUPS CONTAINING NITROGEN 


317 


The products are called azo compounds. They are strongly coloured. The 
colour can be yellow, orange, red, blue or even green depending on the structure 
of the compound. Azo compounds are of immense importance as dyes. About 
half the dyes used in industry today are azo dyes For example, para red, a dye 
has the formula ■ 

- n -CH 


para red 

Some of the familiar acid—base indicators like methyl orange are also azo 
compounds. 

methyl orange 



EXERCISES 



( 1 ) eight isomeric amines of formula C«HuN. 

(n) five isomeric amines of formula C 7 H,N that contain a benzene ring. 



318 


CHEllUTSy 


18-3 Illustrate the following terms : 

Ambident nucleophile, aef-form, tautomerism, ammonolysis, quaternary ammonium salts, 
Gabriel synthesis, Hofmann bromamlde method, nitrosation, exhaustive methylation, 
Hofmann elimination, Schiff base, acylation, benzoylatioo, zwitter ion, Hinaberg test, 
diazotisation. Sandmeyer reaction, Gattermann reaction, coupling reaction. 

18.4 Account for the following ■ 

O') Alkane mtrifes are higher boiling than the corresponding alkyl halides. 

(fi) Tertiary nitroalkanes can not tautomerise to aci-form 

(hi) It is difficult to prepare pure amines by ammonolyais of alkyl halides. 

(iv) Amines are higher boiling compounds than hydrocarbons of corretponding molecular 
masses but hive lower boiling points than the corresponding alcohols or carboxylic acids. 

(v) Aniline Is a weaker base than cyclohexyl amine. 

(vi) C,Il,N(CH,),OH is a stronger base-than NH,OH. 

(vii) p-methoxy aniline is a stronger base than aniline and 
p-nitroaniline is a weaker base than aniline- 

(viti) Methyl amine in water reacts with ferric chloride to precipitate ferric hydrqxide. 
iix) Silver chloride dissolves in methyl amine solution. 

(x) Tertiary amines do not undergo acylation- 

(xi) Aniline is first converted unto acetanilide than subjected to nitration with a mixture of 
sulphuric acid and nitric acid. 

(xil) Sulphanilic acid is insoluble in water but soluble in aqueous base and aqueous mutual 
acids. 

(xui) Benzene sulphonyl chloride reacts with primary amine to give a product soluble in 
.potassium hydroxide wheteas the product of secondary amino and benzene sulphonyl 
chloride is Insoluble in potassium hydroxide- 


18.3 Fill up tba blanks: 

F«0, H./I*t 

(I) CH.CH.CH.CONH,-*■ 7 -+ 7 

heat 

H,/Pt C,H,SO,Cl 

(ti) RNC -■+ 7-► 1 

base 


(in') 

(iv) 

(v) 


NaCN HsC’ 

Rl -■* 7- 

NHO, 


C.H,N(CH,), 


C.H.NH. 


CH.COCI 

-► 7 

bake 


NaOBr 

7-*■ 7 


7 

Br, 


HNOs/HCl 
- ► 7 
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(vi) RCH.NOj 


H|0 + 
-► ? 


(vil) RNH, 


CHC1./KOH 

-- T 


(viil) C.HjOH + CiHiNiCl-► ? 


18.6 Accomplish the following conv er si on s : 

(0 Benzene —-►m-di eh loro benzene 

(il) m-nitroaniline—-mHodochlorobenzene 

(1U) Toluene —►m-bromotohjeae 

(Iv) Benzen e —►re-bromophenol 

(v) p-Nitroanillno —»• 1,2, J-tribromo benzene 


11.7 (i) Write testa along with the chemical satiations to distinguish compounds in each set: 

(a) primary, secondary sad tertiary nitro compounds, 

(b) primary, secondary and tertiary amines. 

(11) How will you purify amines from non-baslc impurities. 


IS.8 How does Hofmann elimination help in deciding the structures of unknown complas 
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Polyfunctional Compounds 


So far we have studied the properties whose molecules have one functional group 
only. We have also seen that properties of functional groups may be somewhat 
modified by presence of other substituents in the molecules. In this unit we wdl 
study about some polyfunctional compounds in which more than one functional 
groups (similar or different) are present per molecule In these compounds sometimes 
the functional groups interact to such an extent as to produce certain properties 
which are characteristic of neither one group nor of ,the other, but of the particular 
combination of groups Here, we will lay emphasis on such special properties The 
functional groups are likely to influence each others behaviour more if they are closer 
-together, 

19.1 POLYHYDRIC ALCOHOLS 


Polyhydric alcohols are compounds containing more than one alcohojhc group. 
In these compounds each hydroxyl group is attached to a separate carbon atom. 
Two hydroxyl groups attached to the same carbon atom form an unstable arrange¬ 
ment which tends to lose a molecule of water spontaneously. 


CHaCH'v^ 


OH 

OH 


H 


CH 3 -C=0 


+ H 2 0 


In this section we will discuss two common polyhydroxy alcohols, namely etkyleue 

glycol and glycerol. 


W.M ETHY1 ENE GI.YCOL 

Glycols are dibsdroxy alcohols, the one with two hydroxyl groups attached to 
adjacent carbon atoms are called 1,2 glycols or viv- glycols, The glycols with OH 
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groups on adjacent carbons atoms are moat often named after the olefins from which 
they may be derived. When the two hydroxyl groups are attached to the extreme 
ends of a chain of carbon atoms, it is more convenient to such glycols as 
polymethylene glycols, 

Examples 


CH, - CH - CH — CH S 
OH OH 
2, 3-dihydroxybutane 
HO— CH#— CHsr- CH# — OH 
trimethylene glycol or I, 3-dihydroxypropane. 

CH, — CHOH — CH#OH 

propylenO glycol or 1, 2-dihydi oxypropane 

Ethylene glycol, commonly called glycol, has the structural formula CH#OH— 
CH#OH. It is a sweet syrupy liquid, heavier than water. Due to two sites for 
hydrogen bonding per molecule, glycol has a rather high boiling point, 470K, and is 
also highly soluble in water. 

Due to its high solubility and low volatility, glycol (trade name Prestone) is 
preferred over methyl and ethyl alcohols as an antifreeze.* 

Preparation 

Glycol can be prepared from ethylene by any one of the following methods : 

(i) Direct hydroxylation with Baeyer’s reagent, cold dilute slightly alkaline 
KMSO4. 

3 CH#=CH#+2KMnC>4+4H#0-> 3CH#-CH#+2MnO#+2KOH 

OH OH 


* The water in the car radiator is likely to freeze if the temperature falls below 273K. On 
freezing water expands, and this may cause the engine block to crack. Therefore it is necessary 
to add something to the water in the radiator to lower its freezing point. Such a substances is 
called an anlifreezt. Alcohols are generally used as antifreeze because they are non-corrosive 
and are also miscible with water. Methyl and ethyl alcohols are sometimes used, but once the 
engine warms up, these alcohols evaporate easily and set boiled off (CH>OH: b. p. 338K» 
C,H,OH : b.p. 351K )• A mixture of d parts of water and 4 parts of glycol freezes at about 224K, 
49 degrees below the freezing pqint of water. 
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GO By hydrolysis of ethylene oxide : 


Ethylene epoxide or ethylene oxide can be prepared by catalytic oxidation o f 
ethylene. 

OJAg 

CH, = CH,-► CHi-CHj 

525K \ / 

O 


Ethylene oxide undergoes hydrolysis in the presence of an acid dr a base to 
give glycol. 


CH 2 

j ^>Q + HjO 
Cil- 


Acid or base 

CHj _ QH 


Reactions 

Glycol gives most of the reactions of primary alcohols like formation of ethers 
esters, etc. However, with two alcoholic groups there is a possibility of one or both, 
hydroxyl groups reacting; e.g. glycol may react with one or two equivalents of 
sodium to give mono or disodium derivative. 

In addition glycol undergoes certain reactions which are characterstic of com 
ounds containing two hydroxyl groups on adjacent carbon atoms. Of these we wilt 
take the following two reactions: 


(a) Oxidation : Ordinary oxidation of ethylene glycol gives a series of successive 
products. The final product usually is oxalic acid. The products formed in any 
one case depend on the conditions of oxidation such as the nature of oxidizing agent, 
temperature, etc. 


CHjOH (O) 

| -- 

CHjOH -H 2 0 


H—C=0 


I 

CHjOH 

glycolic 

aldehyde 


(O) COOH 
* CHjOH 



glycolic 

add 


CHO 

I 

CHO 


glyoxal 


(O) COOH (O) 

* CHO 

glyoxalic 

acid 



COOH 

I 

COOH 

oxalic 

acid 
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Oxidation with periodic acid proceeds differently. In this case cleavage of carbon- 
carbon bond takes place with the formation of two molecules of formaldehyde 


CH a —CH,+HIO 4 

I i 

OH OH 


* HCHO+HCHO+HIO 3 


This reaction is particularly useful in structure determination of compounds 
containing hydroxyl groups on adjacent carbon atoms. The number of molecules 
of periodic acid that reacts with one molecule of a polyhydroxy compound gives the 
number of adjacent—OH group pairs. In addition the structures of aldehydes 
formed indicate the position of adjacent carbon atoms carrying the two—OH groups. 
Products obtained in periodic oxidation of isomeric butanediols would illustrate this : 


HI0 4 

CH 2 -CH-CH a -CH 3 - 

I I 

OH OH 


HCHO + CH 3 CHjCHO 
formaldehyde propionaldehyde 


1 , 2 butanediol 


HIO 4 

CH 3 -CH-CH~CH 3 -> CH 3 CHO + CH 3 CHO 

| | acetaldehyde 

OH OH 

2, 3 butanedio' 


HI0 4 

CH 3 —CH—CH 2 —CH 2 -*■ no reaction 

I I 

OH OH 

1, 3 butanediol 

HIO 4 

CH 2 —CH.—CH 2 -CH a -*■ no reaction 

I I 

OH OH 

1, 4 butanediol 


(b) Pinacol rearrangement : Tetramethyl, glycol, commonly called pinacol, 
undergoes an interesting reaction in the presence of a’ mineral acid. Dehydration 
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takes place in such a way that rearrangement of carbon skeleton occurs giving 
a ketone called pinacolone 


ch 3 ch 3 

I I 

ch 3 -c - c-ch 3 

I i 

OH OH 

pinacol or 

2, 3-dimethyl-2, 3-butanediol 


H + 


CH, 

I 

CHj—C—C—CH»+HiO 

II I 

O CH a 
pinacolone or 
3, 3-dimethyl-2-butanone 


Such reactions m which an atom or group migrates to a new position u the 
molecule are called rearrangement reactions. The above reaction is called pinacol 
pinacolone rearrangement. 

Ethylene glycol itself gives acetaldehyde when treated With dilute sulphuric acid 
under ptessore m a sealed tube (also rearrangement). 

CH 2 —CH a -cHsCHO+HaO 

OH OH heat/pressure 


Etncrs of glycol can be easily obtained by the reaction of ethylene oxide with an 
ftotol.» fh- presenee of a small amount of sulphonc .0.4 Some of these as. tnpo>- 
"tant industrial solvents. 


CH 3 CH a OH+CHj—CH 2 

o 


H+ 


CH 3 CH„0—CHjCHaOH 
ethylene glycol monoethyl ether 
(cellosolve) 


Cellosolve is a g ooh solvent - 

ratory solvent as a high boiling ether. 

C jHs—OCH i— CH» t- OCHj—CH,—OH 
carbitol 

CHs-OCHa-CHs-O-CHi-CHa-OCH, 

diglyme 
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Some esters of glycol are industrially important. Dacron is a polyester of ethylene 


glycol formed with terephthalic acid, 
used for making synthetic fibers. 


HOOC 



COOH • Dacron is extensively 


-f C-@-C-0-CH,-CH 1 -0 
' 0 o 



dacron 


19.1-2 GLYCEROL 

Glycerol (trade name glycerine) has the structure, 

h 2 c-ch-ch 2 
! I i 
HO OH OH 

IUPAC name of this compound would be 1,2, 3-propane-triol. Glycerol is an 
important industrial substance. Almost all fats are carboxylic esters of glycerol, 
they are therefore called glycerides, more specifically they should be called triacyl 
glycerols. 

O 

il 

ch 2 -o-c-r 

] 

CH-O-C-R' 

II 

o 

CH 2 -0-C-R" 

11 

o 

triacylglycerol or a glyceride in which 
R, R', R" may be the same or different 
alkyl groups. 

A glyceride molecule may have different acid residues. The proportions of various 
acids vary from fat to fat. Each fat has its characteristic composition which does not 
differ from sample to sample With only a few exceptions, the fatty acids are all 
straight chain compounds ranging from three to eighteen carbon atoms. Except for 
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Ca arid C t acids, acids containing only an even number of carbon atoms are present 
in fats in substantial amounts. Besides saturated acids, unsatUrated acids containing 
one or more double bonds ibay also be present in a fat. Generally, fats with a high 
proportion of unsaturated fatty acids are liquids at ordinary temperatures and are 
called oils. Glyceryl tristearate for example melts at 344K. whereas glyceryl trioleate 
(unsaturated) melts at 290K. 


O 

II 

CHi-0-C-C 17 H M 

I ? 

CH-0-C-C„H„ 

I 

OHU-O-C-CwHa, 

II 

O 

glyceryl tristearate 
m.p. 344K 


O 

II 

CH S —O—C—C 17 H m 

I O 

I 1 

CH—O—C—C 1T Has 

Ctfi-O-C-CnHw 

II 

O 

glyceryl trioleate 
m.p. 290K 


Fats make up one of the three major classes of food the other two being carbohy¬ 
drates and proteins. They are also used as raw materials for many industrial processes 
like soap manufacture, preparation of long chain fatty acids and alcohols. 


Physical properties of glycerol 

Glycerol is a viscous, hygroscopic liquid denser than water. It has a sweet taste 
and is miscible with water or alcohol in all proportions. It has a high h.p. 563K. It 
is usually purified by distillation with superheated steam under reduced pressure. 


Preparation 

Most of the glycerol is obtained as a by-product from soap manufacture. Saponi¬ 
fication or hydrolysis of a fat with sodium hydroxide gives . odium salts of the long 


chain fatty acids, called soaps, and glycerol 



O 


0 

II 


II 

CH.-O-C-R 

| 

CH.OH 

| 

R-C-ONa 

O 

I 

R'-C—ONa 

CH-O-C-R' +• 3NaOH-* 

CHOH 

1 

i II 

0 

1 O 

| 

|| 

CHj—0—C—R" 

|| 

CH.OH 

R'-C-ONa 

II 

c 



. ’ fat 

glycerol 

soap 
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Glycerol can be liberated from fats by the traaSesterification reaction with methanol 
in presence of an acid or a base. 


O 

II 

CH,—0—C—R 

l ° 

| II acid or 

CH— O—C-R' +3CH 3 OH-► 

| II base 

I o 

CH*—O—C—R* 


O 

II 

R-C—O-CHa 
CH-OH O 

I II 

CHOH i R'_c— O-CHa 
I o 

ch 2 oh 1 

R'—C—O-CH, 


Another industrial Source of glycerol is also hydration reaction of propylene (which 
is very cheaply obtained from cracking of petroleum products). Sequence of steps is as 
follows : 

CH, CH, CH, CH.OH CH.OH 

|| Cl, II aq. Na,CO, || HOC1 I H 2 0 | 

CH-►CH -► CH-► CHCl-* CHOH 

| 770K | 425K, 12atm | | NaOH | 

CH, CH*C1 CH,OH CH.OH CH-OH 

It should be noted that high temperature chlorination of propylene is a substitution 
reaction. 


Reaction 

Glycerol has two primary and one secondary alcoholic groups It gives ethers, 
esters, etc., in the usual manner. Some of the important reactions of glycerol are 
discussed below : 

(1) Oxidation : Mild oxidation with hydrogen peroxide in the presence of ferrous 
sulphate (Fenton’s reagent) gives a mixture of glyceraidehyde and dihydroxy acetone. 


CH,OH 

CHOH 

ii,OH 


oxidation of 
primary-alcoholic group 


CHO 

\ 

CHOH + 


CH.OH 

glyceraidehyde 


CH,OH 

I 

c=o 

I 

CH.OH 

dihydroxy acetone 
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Upon further oxidation both glycenldehyde and dihydroxy acetone are oxidized 
into a mature of formic, acetic and oxalic acids and finally CO* 

(2) Dehydration : When heated with potassium hydrogen sulphate, glycerol 
undergoes dehydration yielding an unsaturated aldehyde acrolein. 


CHjOH 


CH a 

1 

CHOH 

KHSO 4 

11 

CH 

heat 

1 

1 

CH a OH 

CHO 

acrolein 


The pungent smell resulting from strong heating of fats is also due to formation 
of acrolein. 

(3) Reduction with hydriodk acid: Hydriodic acid reduces glycerol to allyl iodide 
and finally to propene. 


CHjOH 
CHOH +3HI 

I 

CHjOH 


CH e I 


-► CHI - 

-3H 2 0 | 

CH,I 

unstable 

triodide 



ch 2 

CH, 

|| 

CH +H1 

| 

CH 

1 --► 

II ' 

CH 2 1 —I a 

ch 2 

allyl 

propene 

iodide 



(4) Nitration : Cautious addition of glycerol to a mixture of concentrated 
sulphuric and nitric acids, maintained at a temperature of 283-298 K, results in the 
formation of glyceryl trinitrate ; an ester which has been traditionally called by the 
incorrect name 'nitroglycerine'. 


CHj-'-OH O 

I « 

CH—OH +3H0-N-*»0 

I 

CHj-OH 


H t S0 4 
2*3-298 K 


O 

B 

CH a -0-N-*>0 

I ° 

I 1 

CH—O — N-*Q +3H»D 


CH.-0—N-*-0 

B 

o 

glyceryl trinitrate 
(nitroglycerine) 


Glyceryl trinitrate is a highly explosive substance. A mixture of glyceryl trinitrate 
and glytfLfyl dinittate absorbed on kiwipOtr kind of porous earth) is called 
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dynamite. Dynamite was discovered by Alfred Nobel* well known for instituting 
Nobel Prizes. Explosives today are used not only for making bombs but also for 
rock blasting. Taken internally in medicinal doses, glyceryl trinitrate causes dilation 
of blood vessels and lowers blood pressure. 


Usei. 

With a dicar boxylic acid like phthalic acid glycerol forms a eross-linked polyester 
called glyptal which is used as an alkyd resin. Apart from the manufacture of 
glyceryl trinitrate and glyptal, glycerol is used as a preservative and sweetening agent 
for foods. It is used in medicines like cough syrups, lotions, etc. It is also used in 
making cosmetics, in textile processing and as a softening agent for nitrocellulose. 
A covering of glycerol on fruit prevents their drying up in air as glycerine is suffici¬ 
ently hygroscopic to absorb moisture from air. 


19.2 OXALIC ACID 

COOH 

<loOH 

Oxalic acid is the first member of the dicarboxybc acid series. Its TU J A j- nan * 
is ethanedioic acid. It is widely distributed in nature and occurs in rhubarb, wood 
sorrel, etc. Oxalic acid is one of the oldest organic acids known. Scheele prepared 
it in 1776 by oxidation of cane sugar with nitric acid. In 1829 Gay Lussac discovered 
that oxalic acid can be prepared by fusion of saw dust with sodium hydroxide. For 
many years this formed-the commerc.al method for manufacture of oxalic acid 
These days oxalic acid is prepared by heating sodium formate, which .s Mil 
by the reaction of carbon monoxide with sodium hydroxide under pressure. Hydr g 
obtained as a by-product in this process is very pm* 

O 

a 

NaOH + CO-*■ H-C-ONa 

H-C-ONa COONa 

II - - 

O 

Physical Properties 


2 | +H* 

COONa 


COOH 


Oxalic acid crystallizes from water solutions — * io OH “*° 
B B .uffleieni* Klubte in nr.Br md <W 
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Oxalic acid is a dibasic acid. As with other adds containing, more than one 
lomsable hydrogen atoms per molecule (HjSO* .HaPO*), the ionisation of the second 
carboxyl group occurs less readily than ionisation of the first one. Ki for oxalic add 
is about a thousand times K 2 for it. 


COOH Ki 
COOH 


K 1= 5 4x lO- 2 


COO- k 2 COO- 
| +H+ I +H+ 

COOH COO“ 

Kj=5.2xl<r» 


This can be explained by the fact that more energy is required to Separate a 
proton from the anion than from the uncharged oxalic acid molecule. 

Reactions 

Oxalic acid forms both normal and acid salts, esters and amides under the same 
conditions as for monocarboxylic acids. However, oxalic acid does not form any 
anhydride, dehydration of oxalic acid with concentrated sulphuric acid results in its 
decomposition into a mixture of CO and CQ 2 , 


COOH H.SO* 

! -► CO+COa 

COOH ~H 2 0 

Oxalic acid is oxidized quantitatively by a hot acidified solution of potassium 
permanganate with sulphuric acid : 

COOH 

5 | +2 KMn0 4 +3H 2 S0 4 -*10COa+K 2 SO 4 +2MnSO 4 +8H3O 

COOH 

This reaction is used for standardisation of KMnO* solutions.* 

Oxalic acid is extensively used as a mordant in dyeing and printing. Some of the 
higher homologues of oxalic acid are also important Malpnic acid COOH-CH* 
COOH and its esters are important intermediates in organic synthesis. Adipic acid 


* In this respect oxalic acid differs from acetic acid which b stable both to hmt as well as action 
of oxidizing agents- 
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gives the familiar Nylon 66, a polyamide on reaction with hexamethylenc diamine 

HOOC (CH 2 ) 4 .COOH + NH 2 -(CH 2 ) # NH 2 —-» 

adipic acid hexamethylenc diamine 

...NH—(CH 2 ) 6 -NH-C-{fcH ll )4-C. . 

II I! 

0 o 

Nylon 66 

Like dacron, nylon is also an important synthetic material for making fibres 
for cloth 

19,3 CHLOROACETIC ACID (C1CH.-COOH) 

Chloroacetic acid is prepared by the chlorination of glacial acetic acid according 
to the Hell-Volliard-Zelinsky reaction (Section 17.4-5'). 

O 0 

I (P) 11 

CKC-OH+Cl 2 -►CICHj—C—OH + C1H 

Chloroacetic acid is a white solid, m, p. 334K, b. p. 463K. It is very soluble in water 
and has an appreciably higher degree of ionization compared to acetic acid. 

Chloroacetic acid has two reactive centres. 

(i)—COOH (it) C—O bond 

(i) Caiboxyl group shows its usual reactivity forming salts, esters and acid chloride 
in the usual manner 

(n) Chlorine here reacts in the same way as in alkyl halides; the chlorine atom 
may be replaced by cyano, hydroxy, ethoxy, amino and other groups, by the usual 
replacement reactions of alkylhalides. Chloroacetic acid is used in the manufacture 
of indigo 

19.4 GLYCINE (NH,CH,COOH) 

Glycine or ammoacetic acid (NH 2 CH 2 COOH) is the first member of the ammo 
adds series. Jhese compounds have amino as well as carboxyl groups. 

Apnino acids are the building blocks, for proteins (see Unit—20) Glycine was 
obtained by Braconnet in 1820 by the aydrolysis of gelatin (which contains 25% 
glycine). 
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Glycine cart be prepared from chloroacetic acid by its reaction, with ammonia 
Chloroacetic acid is shaken with excess of ammonia to get a good yield of glycine, 
but then it becomes difficult to separate glycine from ammonium chloride, solubilities 
of ammonium chloride and the amino acid are very similar One method of purifica¬ 
tion consists of adding freshly precipitated cupric hydroxide to the impure material, 
expelling ammonia by boiling, separating the sparingly soluble cupric aminoacetate 
from CuCl 2 by fractional crystallization Copper is then precipitated as sulphide with 
H 2 S and glycine crystallized from the remaining solution 


ClCH 2 COOH-)-3NH 3 -*NH 2 CH 2 COONH 4 +NH 4 C1 

Add I 
Cu(OH) 2 
and boil to 
expel NH a - 


NH 2 CH 2 COOH +h 2 s 

glycine — CuS 


(NH 2 CH 2 COO) 2 Cu 
( separated from CuCl 2 by 
crystallization) 


Gabriels phthalimide method gives another way of converting chloroacetic acid in¬ 
to glycine, This method has the advantage that no side products are formed and puri¬ 
fication is easy 



Ale. KOH 
— H 2 0 



cich 2 cooh 

— KC1 



-ch 2 -cooh 


1120K 

OH" 


a COOH 
COOH 


+ H 2 N-CH 2 -COOH 


Strecker devised a cqnvetnent method for the synthesis of glycine starting 
from formaldehyde 


HCHO +NH a ^==^CH 2 =NH + H 2 0 

aldimine 

W CN 1 2HgO 

CH 2 -CN-*• CH 2 —COOH+NHa 
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a mixture of NH 4 C1 an^KCN^Vh 0 " 6 one °P eratl0n ^ Seating the aldehyde with 
fnrmino . nd KCN, The aldimine first formed reacts rapidlv with HCN 

forming ammon.trile, which can then be hydrolyzed to glycine. % ‘ 

Reactions 


so modifies the T two reactlv « groups, the ammo and the carboxyl, each of which 

anamineorJ ha J aC ^° f the othcr ’ ,hat « lycinc can not be considered merely as 
aC,d ' The carboxyl group has the ability to lose a proton, whereas 

* W may acce P‘ a proton, the molecule, therefore, exists largely as an inter- 
nal salt known as zwitter ion ; 


NH 4 CH a COOH^=a=i.i!iHa-CH s -COO- 
H 

(compare sulphanilic acid) 

The high dipole moment and high melting point (above 573K) of glycine indicate 
the salt like structure of this substance. It has a very low solubility in organic sol¬ 
vents like alcohol, but is freely soluble in water. 

The acidity and basicity constants for glycine are quite low; K»~ 1 . 6 x l<r lb and 
Kb=»2.5x 10-1* These values are consistent with its zwitter ion character, i e. the acid 
centre is an ammonium ion rather than a free carboxyl group and the basic centre is 
a carboxylate ion rather than a free amino group. 


Isoelectric Point: The zwitter ion of glycine is amphoteric, it may either lose or 
gain a proton. In water solutions glycine tends to lose a proton, hence the negative 
amino acid ion migrated to the anode when the solution is electrolyzed. 

NH 8 CH a COCr+HiO NH*CH*C00“+H*0 + 

migiptes to anode 

The addition of an acid converts the zwitter ion to a cation, which migrates to 
cathode during electrolysis. 


NH S —CHj—COOH+H+-►NH*CH 2 ~COOH 

migrates to cathode 

So glycine forms an anion or a cation depending on the hydrogen ion concentra¬ 
tion of the solution. At pH 6, glycine has an equal tendency to form either of these 
forms; hence the net charge of the zwitter ion is zero at a pH of 6. This pH value is 
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called the iso-electric point of glycine. Other amino acids also have characteristic 
isoelectric points. 

Internal diamide formation 

When glycine is heated, it loses water to -give a cyclic diaitt !de, called diketopr- 
perazine. 


CH 2 

/ \ 

H Z N C=-0 

I 

OH 

+ 

HO 

\ 

o=c nh 2 

\ / 


H*C 


CH 2 —CO 

/ \ 

—2H a O HN NH 

-„ \ / 

CO-CH 2 

diketopiperazine 


+ H a O 


HgO 

2NH 2 CH 2 COOH «- 


H»N—CH 2 — 


CONH 


CH 2 —COOH 


As shown partial hydrolysis of diketbpiperizine gives an amide formed from twt> 
molecules of glycine. This is a dipeptide of glycine. In addition to the above reactions 
which may be considered to be due to interaction of amino and carboxyl groups, 
glycine gives some reactions typical of amino group and some of carboxyl group 

(a) Reactions of amino group 

Glycine gives most of the reactions of primary- amino group : 

(J) Liberation of nitrogen with nitrous acid: Van Slykes method for estimation 
of amino acids is based xrn this reaction. 


ch 2 nh 2 

I + 0=N0H 

COOH 

1 mole 


CH a OH 

| + N* + H a Q 

COOH 

1 mole 


(ii) Acylation : Glycine can be acetylated by treating it with acetic anhydride or 
acetyl chloride. 

(CHj,CO) 2 0 + NH 2 CH.COOH- * CH,CONHCH*COOH + CH,COOH 

acetyl glycine 
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Benzoylation can be done with benzoyl chloride. Benzoyl glycine is called hippunc 
acid. It is present in the urine of all vertebrates and m considerable amounts m 
the urine of horse. 

QH,CXXn+NH,CH,COOH-►C,H i -CONHCH 1 -COOH 

benzoyl glycine or hippuric acid 

In the acyl derivatives of glycine, the amino group is converted to an amide, 
with consequent loss of basicity; so these compounds become quite acidic in nature 
due to increased freedom of the—COOH group. 

(iii) Sorenson's formal titration : This takes advantage of the reaction between 
formaldehyde and the amino group. In the aldimine thus formed, the amino group 
i$ blocked, and the free carboxyl group can be titrated with alkali using phenol- 
phthalein as indicator. 

H \ 

V-O + NH.CH.COOH-►CH,=NCH 1 C00H+H 1 0 

aldimine 


(h) Meactfcws of the Carboxyl Group 

(i) Salt formation : Glycine forms salts in the usual manner. Copper silts have 
the deep blue colour of copper-ammonia complexes because of coordination with the 
amino group. 


0=- C- —0 . 

I > 

H,C—H*N; * 


Cu 


CH, 

^ 0—c=o 


deep blue 


(it) Decarboxylation: When heated with barium hydroxide solution, glycine 
undergoes decarboxylation. 

NHjCHjCOOH+B a(OH),-> CH 5 NH- -I- BaCO, -> H*0 

Similar decarboxylation is brought about by heating glycine in an uert -solvent 
Putrefying bacteria also brings about decarboxylation of amino acids present in 
proteins. Bad smell associated with rotting proteins is due to ihe formation of 
amines by decarboxylation of ammo acids. 

(in) Glycine forms esters with alcohols. The. ester formation blocks the earboxyl 
group and so the ester$ of glycine are distinctly basic ip nature In fact when giydne 
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is eslerified with alcohol in the presence of HC1, ester hydrochloride is formed. Free' 
ester can be liberated by addition of a mild base such as silver hydroxide, 


HC1 

NH.CH^COOH-l-CjHsOH- 


CH 2 -COOC 2 H 5 

I 

nh 3 


cr 


glycme ethyl ester 
hydrochloride 


(iy) Glycine amide is formed by reacting glycine ester with ammonia. 

CH 2 -COOC,H s ch,-conh 2 

I +NH a -> I + C 2 H 5 OH 

NH, NH 2 

Peptides are chain-like intermolecular amides of amino acids. In these, the 
carboxyl group of one amino acid molecule reacts and links with the amino group 
of a neighbouring molecule and so on Peptides of relatively low molecular masses 
are called polypeptides; higher molecular mass materials are proteins Molecular 
masses of proteins range from 13,000 to 20,000,000 Enzymes and some of the 
hormones like insulin are proteins in nature (see fcfnit 20). 

./NH—CH-CONH-CH—CONH-CH—CO... 

I I I 

R R' R' 

a peptide 


19.5 HYDROXY ACIDS 

Lactic, tartaric and citric acids are aliphatic hydroxy acids, and salicylic acid is ari 
aromatic hydroxy acid They all have one or more hydroxyl groups and a carboxyl 
group. 

19-5-1 LACTIC ACID 


COOH 

l 

CHOH 

I 

ch 3 

Lactic acid is 2-hydroxypropanoic acid Tt occurs m sour milk. Curdling of 
milk is due to the bacterial fermentation of milk sugar, lactose to luetic acid 
Commercially, it is produced by fermentation of sugar solutions with lactic add 
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bacillus. Synthetically, it can be prepared from acetaldehyde through cyanohydrin 
formation. 


H 

I 

CHj—C—0 + HGN 


H 

CHs-C-OH 

I 

ON 


hydrolysis 

(NaOH) 


H 

ch 3 —c-oh 

I 

CN 

cyanohydrin of/acetaldehyde 


H 

CH.—C-OH 

I 

COOH 


+ 


NH. 


Lactic acid has an asymmetric carbon atom,'therefore, it can have two optically 
active enantiomers shown below (see Unit 16). 


COOH 

I 

HO-C-H 

I 

CHs 

d—lactic acid 


COOH 

I 

H-C-OH 

I 

CHs 

1 —lactic acid 


Lactic acid obtained by synthesis and also by fermentation is racemic lactic acid. 
It .can be separated (resolved) into dextro and laevo enantiomers under suitable 
conditions. Dextro rotatory enantiomer was isolated from an extract of muscle tissue 
by Berzelius (1808) and is called sarco-lactic acid (sarcos means flesh). In the muscle, 
lactic acid is supposed to, form from the break down of glycogen, a polymeric form 
of glucose. .rf/>lactic acid is a hygroscopic, viscous, syrupy liquid, m. p 291 K. Ins 
soluble in yvater, alcohol and ether. It is a much stronger acid than acetic acid, 
Kt-13.8 x 1(T* The OH group on «- carbon tends to withdraw electrons and makes 
release of proton from the — COOH group easier. 

Reactions 

Lactic acid shows the usual properties of alcohols and acids. It forms salts, 
esters, and amides at the carboxyl grou. - and undergoes acylation and oxidation at 
the alcoholic group. Both the groups react with PCI 3 . 
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3CH,CHOHCOOH + 2PC1 3 —;—► 3CH 3 CHCK_0Cl+2H a P03 
When lactic acid is heated with dilute H 0 SO 4 , it decomposes into acetaldehyde 
and formic acid 


CH 3 CHOHCOOH-» CH 3 CHO ~ HCOOH 

On being heated alone, it forms a cyclic diester known as lactide A small 
amount of acid also decomposes to acetaldehyde, CO + H 2 O. 


H OH 

\/ 
C—C 
/ II 
H,C O 


(also CO + H. a O -f- CH 3 CHO) 


OH 


HO- 

+ 


O 

II 

-c 


H 


\ / 

C -> 

/ \ —2H.jO 

HO CH 3 


\TY 

/\ / v 

H 3 c C — O CHs 


lactide 


Lactic acid is used as an acidulant in food stuffs In medicine, calcium lactate 
is used for calcium deficiency Antimony lactate is used in dyeing wool and m 
calico printing Ethyl lactate is used as a solvent for nitrocellulose in lacquer 
industry Lactic acid is also used for removing iime from hides before tanning 


t9 5-2 TARTARIC ACID 


HO - CH - COOH 

I 

HO - CH - COOH 
3 4 


Tartaric acid is 2,3—dihydroxy butane —1,4—dioic acid. It is present in grapes, 
tamarind and in some other sour fruits. Tartaric acid is also formed dOring the 
fermentation of grape juice. Scheele (1769) first isolated it from potassium hydrogen 
lai irate, tartar or argol, which separates out in liquor fermentation tanks. This 
still forms the main commercial-source of tartaric acid 

Tartar is neutialized with calcium carbonate to convert it into sparingly soluble 
calcium tartarate and soluble potassium tartai«t. Potassium tartarale is also 
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converted to calcium tartarate by adding CaClj. Addition of a calculated amount 
of sulphuric acid gives free tartaric acid, precipitating out calcium sulphate. 


CHOH - COOK 
| CaCOs 

CHOH - COOH 
potassium hydrogen 
tartrate 


CHOH - COO 


\ 


/ 


Ca + 


CHOH - COO 


CHOH - COOK 

I 

I 

CHOH - COOK 


calcium tartarate potassium tartarate 
(sparingly soluble) (soluble) 


CHOH - COO 
| ^>Ca + H,SO t 

CHOH - COO 


CHOHCOOH 

J + CaSOi 

CHOHCOOH 


Synthetically, tartaric acid may be obtained by bromination of succinic acid 
(1, 4—butanedioic acid) and hydrolysis of the dibromosuccimc acid with alkali 

CHj - COOH Br* CHBr - COOH H*0 CHOH - COOH 

CH 2 - COOH (P) ' CHBr - COOH (OH )* CHOH - COOH 

a mixture of mere and 
racemic tartaric acids 


Unsaturated butene-dioic acids, the two geometrical isomers maleic and fumaric 
acids, also give tartaric acid on hydroxylatkm with potassium permanganate (cold, 
dilute, slightly alkaline) Maleic, the cts— isomef glves meso —tartaric acid, fumaric, 
the Irons —isomer gives racemic tartaric acid. 


HC — COOH 
it KMnO« 

HC —COOH -► 


COOH 

I 

H — C — OH 

I 

H — C — OH 
COOH 

meso tartaric acid 


H—C—COOH COOH COOH 

II KMnO, I ' 

HOOC—C—H-► H — C —OH HO - C — H 

HO —C —H H — C — OH 

COOH COOH 

racemic tartaric acid 
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Tartaric acid has two similar asymmetric carbon atoms and therefore should 
have one pair of enantiomers and a meso form. These stereo-isomers of tartaric 
acid are shown bilow. 


COOH COOH COOH 


— C —H H 

| 

— C —OH 

I 

H — C — oH 

.1. 

— C — OH, HO 

— C —H 

X 

1 

-o- 

1 

o 

COOH 

| 

COOH 

COOH 

d- tartaric 

/-tartaric 

meso-tartaric 

acid 

acid 

acid 

I 

II 

III 


plane of 
symmetry 


As seen before an equal amount of d-and 1-tartanc acids mixed together gives 
racemic tartaric acid. Both racemic and meso tartaric acid are optically inactive 
but whereas racemic tartaric acid can be separated (resolved) into the d-and 
1-enantiomers under suitable conditions, mero-tartaric acid is unresolvable. Meso- 
tartaric acid is an example of diastereo-isomerism. 

Stereoisomerism of tartaric acid has played an important role in the develop¬ 
ment of early ideas about optical isomerism. While examining crystals of sodium 
ammonium tartarate through a magnifying glass, Pasteur (1848) discovered that 
there were two types of crystals, some had hemihedral faces on the right and some 
on the left. He separated these crystals by careful hand picking, and isolated free 
tartaric acids from them. 

Pasteur found that one type of these crystals yielded dextro-rotatory 
tartaric acid, and the other type laevo-rotatory tartaric acid. A mixture of the 
two in equal amounts was found to be optically inactive and was called racemic 
tartaric acid. 

It was shown that tartaric acid obtained from grapes and that obtained by fer¬ 
mentation was dextro-rotatory and identical in every way with the dextro-isomer 
isolated by Pasteur. 

Synthesis, as is expected, yields either a racemic or a meso -tartaric acid. All 
isomers of tartaric acid are stronger acids than acetic acid. On heating above 445K, 
tartaric acid decomposes with charring. Tartaric acid gets easily oxidized, mild 
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oxidizing agents give tartronic acid, strong oxidizing agents break it into oxalic acid. 


CHOH-COOH 


mild 


oxidation 

CHOH—COOH 

\ 

\ 

strong \ 
oxidation \ 




CHOH—COOH 
I + CO* + h 4 o 

COOH 
tartronic acid 

I 

I strong oxidation 


COOH 

I 

COOH 


Tartaric acid reduces ammomacal silver nitrate, so it is used in mirroring glass. Some 
of the salts of tartaric acid are important Cream of tartar, potassium hydrogen 
tartrate is a constituent of baking powders (mixtures nf NaHCO* + KH.C 4 H*Os, 
when warmed in moist dough, CO s is liberated which acts as a leavening agent). 

Rochelle’s salt is sodium potassium tartrate. Tartar emetic is a compound used 
as mordant in dyeing and as an emetic in medicine It is quite poisonous. 

COOK 

I 

H-C—O 

I \ 

H—C—O— Sb.H«0 tartar emetic 

I / 

COO 


19.5-3 CITRIC ACID 

H 2 C—COOH 

I 

HO—C—COOH 

I 

H*C—COOH 

Citiic acid is a monohydroxy tricarboxylic acid. It is a crystalline solid containing 
one molecule of water. It occurs m many fruits, especially in citrus fruits like 
lemons and oranges. Lemon juice contains about 6-S% of citric acid, and forms 
one of the chief commercial sources of citric acid. 

The juice is boiled to coagulate proteins,, and filtered. The clear juice is neutra¬ 
lized with lime. Contrary to the behaviour of most salts, calcium citrate is less 
soluble in hot water than in cold, and it separates out from the hot solution. 
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addition of a calculated quantity of sulphuric acid to calcium citrate gives free citric 
acid, precipitating out. CaSC >4 

Citric acid is a white, crystalline solid containing one molecule of water of 
crystallisation. It is readily soluble in water and alcohol, but insoluble in e'her 

Reactions 

th cone sulphuric acid, but it does not 
CH a COOH 

CO 4- CO + H 2 0 

CH 2 COOH 

acetone diearboxylic acid 


Hot K.MnOi solution oxidizes citric acid to acetone. Citric acid reduces, ammoniacal 
silver nitrate only on strong heating. Citric acid is used for making beverages like 
lemonades, and Sharbats Some citrates like sodium, and potassium citrate are used m 
medicine as antacids, and as anticoagulants in blood transfusion. Ferric ammonium 
citrate is used for iron deficiency. Citric acid is also used as a mordant in dyeing and 
calico printing. 

OH 

19.5-4 SALICYLIC ACID: 



Citric acid liberates CO on heating 
char. 

CH a - COOH 
| H 2 S0 4 

HO-C-COOH -*• 

I 

CH 2 -COOH 
j KMnO*,‘350K. 

CHa-C-CHa + COa 
’ll 

O 

acetone 


Salicylic acid is ori/io-hydroxyhenzoic acid. It occurs, ih many essential oils, 
e g. salicin. Its methyl ester is the main constituent of the oil of wintergreem 

Salicylic acid is commercially prepared from phenol by either of the followin 
two methods: 

(i) Kolbe s method: Treatment of the salt of a phenol with carbon dioxide tilings 
about substitution of the corboxyl gio.up, —COOH for hydrogen of the ring. This 
reaction is known as the Koibe reaction in practice, dry powdered sodium pbenate is 
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heated at 400-415K with carbon dicxide under a pressure of six to seven atmospheres, 



(ii) Reimer-Tiemann reaction . Sodium phenate heated with carbon tetiachlor.de 
m the presence of alkali also gives salicylic acid. 


ONa 

i 



CCl«/NaOH 


ONa 

i 

j^^j-COONa 


H+ 


OH 



COOH 


Properties : 

Salicylic acid is a colourless crystalline solid, m p 432K. It dissolves 
readily in hot water, alcohol and ether. Like the phenols, salicylic acid gives an 
intense violet colour with FeCla 

Reactions : 

On heating at 485-495K, salicylic acid decomposes into phenol, and C0 2 In fact, 
all aromatic carl oxylje acids which have electron donor groups like —OH and 
—NHa undergo decarboxylation very easily. 

Aromatic, carboxylic acids with electron withdrawing substituents like —N0 2 
are more stable and undergo decarboxylation only when heated with a base. 

Salicylic acid behaves both as a phenol and as a carboxylic acid. With Na 2 C0 3 it 
forms a m.nn«odium salt, and with NaOH, a disodium salt. 

OH 
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ft gives acyl derivatives and esters It couples w,ith diazonium compounds The 
action of bromine water on salicylic acid results in loss of CO 2 and formation of 
2, 4, 6-tribromophenol Bromine in nitrobenzene solution however gives o-hydroxy* 
p-bromo-benzoic acid 



-i C0 2 + 3HBr 


Br 2 /C e H 5 NO, 


2, 4, 6 — trtbrorao phenol 


-COOH 




+ HBr 


Salicylic acid and some of its derivatives are medicinally important Salicylic acid is 
used as an antiseptic and preservative Methyl salicylate is used in making per¬ 
fumes and also in treatment of rheumatism Phenyl salicylate (salol) is used as an 
intestinal antiseptic, it passes through the stomach unchanged and is slowly 
hydrolyzed in the intestines. It is also used to coat the pills which are intended to 
pass through the stomach without dissolving. Acetyl salicylic acid, commonly called 
aspirin, is one of the earliest known analgesics (pain reliever) apd antipyretic 
(fever reliever). It is prepared by acetylation of salicylic acid with acetic anhydride in 
the presence of a few drops of sulphuric acid 

cc 

methyl salicylate 


,COOH 

O 

I! 

O-C-CH 3 

phenyl salicylate (salol) acetyl salicylic acid (aspirin) 



COOCeHs 

OH 



\ 


EXERCISES 


19 1 Define and describe following terms : 

(a) poiypeplide 

(b) protein 
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(c) zwitterloa 

(d) antifawn 

(e) fan sad oils 

(f) soap 

(a) rearrange meal reaction 

(h) isoelectric point 

(i) benzoylatlon 

(j) Fenton’s reagent 

(k) decarboxylation 

19.2 In a solution of pt&ll, will glycine wist as an anion or as a cation 7 

194 Draw the structures of six Isomeric glycols of formula CjHnOi and name each by tha 
1UPAC system. What It tatramethylene glycol. Which one of these glycols will react with 
periodic acid. 

19.4 peacribe simple tests (chemical) that can be used to diatinguiah between: 

Xa) ethylene glycol and glycerol 

(b) 1, 2 -propaandlol and 1,3-propanediol 

(c) 1,3-propanediol and glycerol 

(d) maleic acid and fumarlc add 

(e) a mineral oil and a vegetable oil 

(f) citric acid and tartaric add 

(g) acetic acid and chloroacetlc add 

(h) glycine and lactic add. 

194 Write equations to show how lactic acid can be prepared from each of the following: 

(a) acetaldehyde 

(b) propionic add 

(c) propylene glycol 

19.6 How are glycol and glycerol prepared (i) in the laboratory, (11) industrially 1 

19.7 Name the compounds and state the conditions under which they are formed wlm glycol k 
treated with 

(a)Na (b) Hflr (c) KMaO, (d) Hh$O 0 (e)2nClt (OHIO* 

19.9 Point out the various uses of (a) glycol, (b) glycerol, (c) salicylic add, and (d) citric add. 
19.9 Write down the products of following reactions: 

NaN0j+H*S0 4 


glydne 
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glycine -j- formaldehyde-► s 

H + 

OH, — CH, + CHjCHjOH-» 

\/ 

O 


glycerol + Fenton's reagent - - * "i 

glycerol + HI - >■ ? 

NaOH + CO- 1 - ? 


19.10 Explain why 

(a) first dissociation constant of oxalic acid is much greater than second dissociation 
constant 

(b) lactic acid and chloroacetic acid are stronger acids than acetic acid 

19.11 Discuss the methods of preparation of glycine and tartaric acid. 

19.12 How will you prepare 

(a) aspirin from salicylic acid 

(b) salicylic acid from phenol 

(c) acetone dicarboxylic acid from citric acid 

(d) oxalic acid from tartaric acid 

(e) tartaric acid from succinic acid 
(f ) lactide from lactic acid. 
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Wc have studied simple organic molecules in the previous Units In the present 
Unit we shall study the molecules which form basis of our lifts and arc complex in 

nature 

10.1 LIVING SYSTEMS 

Living creatures or organisms perform certain functions of life and have highly 
complex structures. For keeping themselves fit and functioning living organisms 
need energy and matter in various forms There are two mam reasons why organisms 
need energy. Firstly most of the constituent compounds arc made from environ¬ 
mental substances by free energy requiring reactions. Secondly, the body materials 
of animals and plant* are all highly organised and are formed from raw materials 
by a decrease in entropy According to the general equation for free energy change, 
AG==AH— 'TAS, every change involving decrease in entropy is accompanied by 
absorption of energy. Organisms have the capacity to extract and transform energy 
from their environment. They use simple raw materials to build and maintain t eir 
complex structures. The raw materials used by living organisms are called \ nutrients 
These we water carbon dioxide, inorganic mineral salts ini foods like starch, fats an 
™c „“JoSnic matters. The energy need, may be me. by either direct sunlight (u 
in green plants) or by the energy released by the assimilation of foods as in am . 
Living organisms usually carry on thvir activities at or near body temperatures an 
£*£ pressures’ The medium fo, hinehemica, region* » 
and has usually i pH of about 7. A living system is always at a steady state 

at thermodynamic equilibrium). Raw materials are token “ f”” in 

some desired substances are made from these and waste subs an 

more or less a steady continuous manner. Finally, lw.ng systems have the capaci 

to adapt themselves to the natural environment. 
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20 2 BIOMOUECULES 

Living systems are composed of several complex life-less substances like car¬ 
bohydrates, piotcins, nucleic acids, lipids, etc,, these compounds play specific 
functions In addition, some simple small molecules like vitamins and mineral 
salts also play an important role m the functions ot organisms. These biomolecules 
interact with each other in very specific relationships These interactions consti¬ 
tute molecular logic of life processes. Apart from the biosubstances mentioned 
above, all living systems contain 70 to 90% water by weight. Some of the bio. 
materials involved in life processes are described in the sections to Follow. 


20.3 CARBOHYDRATES 

Carbohydrates are so named since besides carbon they 1 consist of hydrogen and 
oxygen in a ratio of 2 *. 1 as in water itself They seem to be hydrates of carbon 
and can be represented by the general formula Ca:(H 20 )n where x and y are whole 
numbers. If x is between 3 and 7, such carbohydrates are called simple sugars or 
monosaccharides The monosaccharides are further classified on the basis of 
number ot carbon atoms in their molecules : C 3 sugars are called tnoses, C* sugars 
tetroses, C 5 sugars pentoses, C 6 sugars hexoses and C7 sugars heptoses The suffix 
-ose is used-to denote sugars 


The monosaccharides are polyhydroxy compounds and are either aldehydes 

or ketones In aldehydic sugar the^>C=0 group is the terminal group and in 

keto sugars it takes a position next to the terminal carbon. The aldehydic sugars 
arc collectively called aldoses aud the ketonic sugars, ketoses. The common 
aldoses are ribose (C5 sugar) and glucose (C* sugar) and the most common ketose is 
fructose (C'c sugar). 


H —1C <= 0 
H —*C — OH 


H— 8 C 
I 

H - l C 

I 

6 CH 2 OH 


OH 

OH 


ribose 


H—!C=0 

I 

H— 2 C—OH 

I 

HO—»C—H 

I 

H— 4 C—OH 

I 

H— 6 C—OH 

I 

e CH a OH 

glucose 


1 CH a OH 

2 C=0 

I 

HO— 3 C—H 

H—4C—OH 

I 

H—*C—OH 

I 

6 CH a OH 

fruclose 


All monosaccharides "have asymmemc carbon atoms and therefore exhibit 
optical activity_ Also, most of the naturally occunng sugars belong to the D-series 
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and exhibit a property called mutarotation.* Mutarotation is the property of 
a sugar showing different optical rotation under different conditions This has been 
attributed to existence of sugar molecules in ring forms like furan (5 membered) 
and pyran (6 membered). In these structures the aldehydic group in aldoses and 
the ketonic group in ketose change to alcoholic groups and acquire asymmetric 
characters. 



ribofuranose gluconyranose 

(In these formulae there is a carbon atom at each numbered corner position.) 


Alt the monosaccharides are soluble in water, have a sweet taste and char on 
heating. They give the usual chemical reactions characteristic of alcohols and of 
aldehydes or ketones. However, in presence of dry hydrogen chloride they exhibit 
an unusual reaction with other hydroxy compounds such as alcohols or phenols 
The products of these reactions are collectively called glycosides _ Qlucose gives rise 
to two glycosides with methyl alcohol which are called o-methylglucoside and 
fj-methvlglucoside** respectively. 


j{_ic—O H— J C—OCHg 

H— 2 C -OH H- 2 C-OH 

1 —h 2 o I 

HO- 3 C~H +CHaOH-► HO- 3 C-H 

| (dry HC1) I 

H——OH H 4 C—OH 


H— 5 C— OH 


H-5C- 


CH 3 O— 1 C—H 
H— 2 C—OH 

I 

HO— 9 C—H 
H-‘C-OH 

I 

H-&C- 


•CHjOH 

glucose 


«CH 2 OH 

a-mvthylglucoside 

HD 


•c.h 2 oh 

fl-methylglucoside 

(HD 


'TT he ,n«cific rotation of sugar solutions changes with time t,11 it acquires a constant value For 

« and pa* a result of their interconversion through their open chain form. 

•• (.See footnote on next page) 
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By elimination of water molecules two or more identical or different monosaccha¬ 
rides may join together end to end to form chain-like larger molecular structures. 
If only two monosaccharide molecules' are joined together, the new molecule belongs 
to a disaccharicle. For example, if two glucose molecules are joined 'together the 
disaccharide, maltose or malt sugar, is formed; a combination of a glucose and a 
fructose molecule yields the disaccharide, sucrose; a combination of glucose and 
another hexose sugar, galactose, yields the disaccharide, lactose or milk sugar. 



CH2OH ^ 



CH 2 OH 



H 

— 0 — 

S* W* 


CH z OH 


glucose unit 


OH H 

fructose unit 


•* The term* «-and P - refer to the position of the hydroxyl group 00 carbon - 1 in the molecule of 
sugar. In the case of mcthvlglucoside, when the—CHi group is written to the right in the closed 
chain structure (II) or in down position in the hexagonal ring structure (IV), the molecule is 
assigned the e-configuration. Similarly when the CH« group is written on the left in the 
closed chain structure (IU) or in up position in the hexagonal ring structure (V) ,the molecule is 
assigned the p - configuration. Ordinary glucose is an equilibrium mixture of «-and P-forms. 



«-mcthyi glucoside 
(—OCHa group on C-l is down) 
(IV) 


P-methyl glucoside 
(—OCH, group on C-l is up) 
(V) 
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galactose unit glucose unit 

lactose 

The common disacccharides have the molecular formula CigHagOn. 

Formation of disaccharides from monosaccharides can be represented as 

— HgO 

1 CgHigOg —-*■ CuHgjOii 

Disaccharides can be easily hydrolyzed to give back the component monosac¬ 
charides. Thus cane sugar, sucrose, on being boiled under mild acidic conditions yields 
a mixture of glucose and fructose. Due to a strong laevorotatory character of fructos*. 
the resulting mixture of glucose and fructose becomes laevorotatory. Cane sugar 
itself is dextro-rotatory in nature As-the resulting mixture of sugars shows an inver¬ 
sion of optical rotation, this mixture is called invert sugar. Further, since fructose is 
about twice as sweet as cane sugar, the resulting invert-sugar gives extm sweetness 
to canned fruits and jams. (Relative sweetness of some of the common sugars is 
shown in Table 20.1). 


TABLE 20 1 

The Rdatire Sweetness of Some of tbs Common Sagan 


Sucrose 

too 

Lactose 

16 

Maltose 

» 

Glucose 

74 

Fructose 

173 

Invert sugar 

IJQ 


If more than two monosaccharide units are joined together, we get polysaccharides 
In fact, polysaccharides are said to be polymers of simple sugars. Polypentoses 
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(CgHgO^x are called pentosans and polyhexoses are called hexosans (QHioOg)* . The 
animal polysaccharide, glycogen, which occurs in muscles and in liver, is a polymer 
consisting of hundreds to thousands of glucose units. The plant polysaccharide, 
cellulose, which is present in the cell walls of the plant cells, consists of upto 2,000 
glucose units. Another plant polysaccharide, starch, which occurs m the cereal 
grams wheat, rice, etc., consists of two polymers a my lose and amylopectin; each has 
about 500 to 1000 glucose units. 

Carbohydrates function in two ways They are either structural components of 
cells or function as chief bio-ftiels to provide energy for the functioning of living 
systems. The monosaccharide, glucose, obtained by the hydrolysis of starch or 
glycogen, is the chief form in which carbohydrates are transported from cell to cell 
in all organisms and over longer distances by sap in plants and by blood in animals. 

Starch is easily hydrolyzed in presence of enzymes of human and animal digestive 
systems Hydrolysis of cellulose needs enzymes of a different kind These are present 
in the digestive systems of grazing animals and hence they can use cellulose of grass 
and plants as food by converting it to glucose. 

20.4 LIPIDS 

Fats and their derivatives occuring in living systems are collectively known as lipids. 
These lipids are insoluble in water but soluble in organic solvents like chlorofoun 
and carbon tetrachloride. Most of the fats are glycerol esters of unbranched long 
chain carboxylic acids having an even number of carbon, atoms. They-.can be 
hydrolyzed to yield glycerol and the acids. These straight chain acids because of 
their occurence in fats, have been called fatty acids. 


O 


II 

CH 3 <CH 2 )« - C - O -CH 2 

1 


CH a (CH 2 ) B COOH 


O 

II I 

CH 3 (C H 2 y- C — O - CH+3H a O 

o 

II' 

CH^CHs)» — C - O —CH 2 
fat 


hydrolysis 
-> 


+ 

CH a (CH 2 ) n COOH 

+ 

CH 3 (CH 2 yCOOH 


h 2 c-oh 

+ HC-OH 
H 2 C—OH 


fatty acids glycerol 


Palmitic acid, <5 h 3 (CH 2 ) i 4 COOH and stearic acid, CH 3 (CH 2 ) 16 COOH are the 
most common saturated fatty‘acids occuring in plants and animals. Unsaturated fatty 
acids, having one or more double bonds, also occur in natural fats. The most widely 
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distributed unsaturated fatty acid is oleic acid, CH 3 (CH 2 ) 7 - CH=CH-(CH,) ? COOH 
Other unsaturated acids occurring tn vegetable oils are linoleic acid 
CHa(CH 2 )4 — CH = CH — CHj— CH = CH — (CH 2 )7 COOH and linolemc acid 
CHaCH 2 -CH=CH-CHa-CH-CH-CH 2 CH=CH(CH 4 ) 7 COOH 

Fats and fatly acids ate important inodes of food storage in living organisms. 
They are even richer sources of energy than carbohydrates. Fats present in the 
subcutaneous tissue of animals also act as good heat insulators and as shock absorb¬ 
ing-pad? They may also play the role of structural components of cell membranes 


Phospholipids are derivatives of fau in which only two of the glycerol —OH 
groups are e>terified by fatty acids and the third one is estrified by some derivative 
of phosphoric acid An example is lecithin 


O 

II 

H 2 C-0-C-(CH 2 ) l4 CH 3 
I O 

I II 

HC-O-t - (CH 2 ) u CHj 
I O 

I II + 

H 2 C—O—P — o — CHa -CH* - N (CH 3 ) 3 


O 

lecithin 

Phospholipids arc usually present in the cell membranes 

Waxes arc a group of substances related to fats. They arc fatty acid esters of 
long chain monohydne alcohols, 


20 5 VITAMINS 

20 5-1 CAROTENOIDS—VITAMIN A 

It is another group of related compounds which are polvmers of the hydrocarbon. 
isoprene,, 

C'H a 

I 

H 2 C = CH — C = CH* 

THese compounds arc oil-soluble pigments and they produce red, orange, y«U»w 
and brown colours in both animal and plant materials Carotenoids intlade cM>- 
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tones and xamhophylls Carotenes occur in tomatoes* pumpkins, carrots, egg yolk, 
milk, butter and some oilier materials Vitamin A is a carotene derivative, 


H,|C CHt ch CHa 

X X H H CHjH H H CHa H M H H CH, H H H CHjH H 

I 1 I I I I I I I ! I I I I I I i 1 

^ n r r* r /* r /* n /-***-. r* * i* -i A j-. X x 


HjCT 'C ( 

J; .1 


Xc' 


C C C = C —C- C — c - c c-.c-c=c C=C-C=C-C-C^j' 
CHj H,C-C_ 


0-carotene 


H:.C, 


CH, 




H H Ch 3 H H H CH 3 H H 

H -c^ N r-c-c ' ' 1 I II 
-> I S C_C = c ' c = c c - c -c-oh 
u J IJ l 

^Cv^^C-CHa H 

H 2 


-C^ 

Hj 


CH. 

I 

CH, 


vitamin A 

A deficiency of vitamin A in growing animals results in retarded growth and a 
change in epithelial cells. The corneas of eyes become opaque, leading to a condition 
called '■a ophthalmia Another observation is the drying up of skin. This condition 
is known as \cosis The deficiency of vitamin A also causes night blindness 
20 5-2 OTHER VITAMINS 


Vitamin K, which is present, in leafy vegetables, plays a vital role in f,he coagula¬ 
tion properties of blood Vitamin E (a-toeophcrol), often called the “antisten- 
lity vitamin, is responsible foe normal reproduction functions. Vitamin E is found 
in animal and vegetable oils, cottonseed oil, corn oil', peanut oil, etc Vitamin D plays 
an important role in the development of bones and teeth in growing children. 
Rickets is a disease caused b\ deficiency of vitamin D and leads to legs curved like 
bows and poor formation of teeth. This deficiency can be overcome by the supply 
of foods like milk, eggs and liver meat which are rich in vitamin D. Structures of 
these vitamins are given below 



CH 2 -.CH=C-(CH 2 -CH 2 -CH 2 —CH) 2 —CHi-CHg-CH* 


CH 3 


ch 3 


CHj 

I 

CH- CH, 


__ vitamin K* 

Vitamin K is of t*o types. K» and K,. The above given structural formula is of vitamin Ki. 
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H,C 

HO 


CH 3 

L. ,k 


13 CHi 

.0 3 


CHn 


CH3 


CHa 



M 

ch 3 


(CH^-CH-ICH,).,- CH - lCHg) 3 —CH-CHj 


Vitamin I : 

H 


H 



H 


H 


,CHj 


\ 1 y' 

C y 1 x c< 

Crt 3 X CH 3 


Vitamm B-compJex consists of a number of substances of various complexities. 
The more important of these are described below 

Thiamine or vitamin Bi is available m miiK. vegetables, yeast and rice polishings. 
Lack of this component in diet causes loss of appetite and the disease beriberi 

Riboflavin or Vitamin Ba is also available from milk, vegetables and rice 
polishings. Its absence from food leads to sore tongue and skin disorders. 


CH- 


CHs 

1 


^C-CHi-CH 2 OH 




^c- 


thiamine 

hydrochloride 


1 

H 


♦ 


OH OH OH 

I I t 

CHg -CH - CH - CH - CH jOH 
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h 3 c 

HsC 



N 


rr 


^C=0 

> 


riboflavin 
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Vitamin 0 (; consists of three closely similar components one of which is called 
pyridoxine These components arc available fr.om cereal grains Prolonged deficiency 
of vitamin B„ may cause nervous disturbances and convulsions. 


R = — CHO pyridoxal 
R = — CHjOH pyridoxme 
R = —CH 2 NH 2 pyridoxamine 

Vitamin B is a cyanocobalamin with a large complex molecule It has a cobalt 
atom co-ordinated to four nitrogen atoms Tins vitamin occurs only in animals and 
micro-organisms but not in plants. Presence of vitamin B 12 in rairt water is attri¬ 
buted to micro-organisms sucked up. by winds. Our daily need of this vitamin is 
very small (about 1.5 microgram). Lack of this vitamin causes a bad form of 
anaemia 

Vitamin C or ascorbic acid occurs in fresh vegetables and fruits, particularly 
tomatoes, chillies, amla, citrus fruit (lemon, oranges),-papita, etc. Absence of this 
vitamin causes the disease scurvy It undergoes reversible oxidation : 


CH : i OH 



CH,OH 


OH 

X X I 

CH- CH -CH.OH 


0 C C 

HOW 


ascorbic acid 


X X 

0 =c pH — CH 

\ i 

0= C- C—0 


pH — CH -CHjOH 


2H + + 2e- 


dchydroascorbic acid 


Vitamin C is destroyed on contact with oxygen of air even at room temperature. 
It loses effectiveness under open storing. Vegetables lose major part of their vitamin C 
content when cooked in contact with air’in open pans for long periods of time. 
Cooking of vegetables in closed pans or pressure cookers and storing of vitamin C 
tablets in sealed strip foils is considered desirable Cooking in presence of sodium 
bicarbonate (baking soda) also causes a quicker loss of vitamin Gas it is more easily- 
oxidized in alkaline than in acidic media. 


20.6 TETRAPYRROLES OR PORPHYRINS 

Biochemically important compounds, chlorophyll, haemoglobin and cytochromes 
have in common a cyclic structure m whi'c,h four pyrrole units (C 4 NH 5 ) are linked 
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by four methme bridges ( —CH —) as shown below 



On this basic structure appropriate substituents can be introduced to get the 
different derivatives e r. chlorophyll and haeme 
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20 7 HORWONES 

Iloimones arc chemical substances which are made in ductless fcntlouine) glands 
They move to diflcrcnt parts of the body through the blood stream and exert strong 
regulatory mllucncc on the chemical processes talcing place there A disturbance of 
hormonal balance may lead to abnormal metabolic processes Some of the hormones 
are shown in the following tabic 


TABLE 20.2 
Hormones in Man 


,\ anjf 

1 Organ of 
Secretion 

[unction 

Adrenaline 

(Epinephrine) 

Adrenal 

medulla 

Increases pulse rate and btood pressure ; releases glu*o r c from 
glycogen and laity acids from l«ils 

1 cstosieronc 

Test is 

Normal functioning of male sex oignns 

Estrone and 
Estradiol 

Ovary 

Normal functioning of lemalc sex organs 

Insulin 

Pancreas 

Metabolism of glucose 

Cortisone 

Adrenal cortex 

Metabolism of water, mineral sails, fats, proteins and carbohydrates 

Pituitary 

hormone 

Pituitary gland 

Stimulation ol adrenal coitcx t.’.yioid gland, leslis, ovaries and- 
niammarv glands 



ch-cm 2 -nh-ch 3 

! 

OH 

epinephrine 





testosterone 


estradiol 
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20 8 PROTEINS 

These compounds are polymerization products of amino-acids. The general 
formula of an amino acid is 

H 

I ■ 

Z-C-COOH 

! 

NH a 

where —NH 2 is an amino group, -COOH a carboxyl group, and Z, a group 
which can considerably vary in composition in various amino acids There 
are about 20 naturally occuring amino acids All of them contain amino and 
carboxyl groups attached to the a—carbon atom The simplest amino acid is glycine 
where Z=H; if Z-CHj, the amino acid would be alanine. Since there is an asym¬ 
metric carbon atom present in all amino acids except glycine, amino acids show 
optical activity and most of them occurring in cells are of L-type. All the sugars 
occurring in nature are of D-type. 

In proteins, the adjacent amino acids are joined in such a way that the amino 
group of one acid links with the carboxyl groups of its neighbour forming an imide 
bond The imide bonds in proteins are called peptide bonds. 


N 

I 

H 


Z : OH H: 

I I I 

C — Cf N — 

! I! 1 

H O H 




H Z. 
-h 2 o i 1 

-*N - C 

•1 I 
H H 


— C — bi¬ 
ll 1 

O H 


Z 

I 

c 

I 

H 



The link between C and N 


in — C— N— bond is a peptide bond 


II I 

O H 


If two amino acids are joined by a peptide bond the at* unit is called a dipeptlde. 
If many atninoacids are jomed by means of peptide bonds, the whole chainlike com¬ 
plex is called a polypeptide. 

The polypeptides can vaiy in an unlimited fashion. Firstly, they can contain any 
one or all of the different naturally occurring amino acid. Secondly, they can contain 
almost any number of each of these amino acids; and thirdly, the specific sequence in 
which given numbers and types of amino acids are joined as a chain can vaiy almost 
without any restriction. When three type of amino acios aw combined as in a 
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Iripeptidethe number of possible permutations is 3 I or I *2x3 = 6. For example, if 
A represents alamne, G, glycine and T, tryptophan, the six isomers may be indicated by 
AGT, ATG. GAT. GTA, TAG. and TGA. Likewise, a decapeptide in which all the 
amino acids are different can have 3,628,800 structural isomers. In other words r amino 
acid units can be envisaged to represent an “alphabet” of 20 letters and an astrono¬ 
mically large number of different polypeptide ‘words' can be constructed from this 
alphabet. 

The possible number of chemically different proteins is astronomical. Indeed, no 
two organisms have exactly the same type of proteins. Every polypeptide chain will 
have a free ammo group and a free carboxyl group at the two ends. Thus a polypep¬ 
tide may be represented ps : 

o z o o 

n I ii u 

H*N—CH-C—NH-CH— C—NH-CH-C-NH...—COOH 

1 I 

z z 

If a line is drawn through the Z-groups of the consecutive amino acids in the chain 
this' line would resemble a helical or a spiral structure (Fig 20. i; 


H 

I 

- N 



O 

<1 




Fig. 20.1 Structure of a polypeptide. Formula emphasises a helical structure. 


The spiral structure of a protein : A line connecting the Z-groups of consecutive L- 
amino acid units ii) the polypeptide chain forms a spiral called an a-helix. The o-helix 
is held together by hydrogen bonds between the H of-NH of one amino acid and O of 
C=0 in another amino acid, three units distant. On an average there Are 3.7 amino 
acid units per turn of the spiral. 

If long coiled thread-like stucture of this sort remain extended as a strand the 
protein is known as fibrous. Hair, hoofs, skin, nails, silk', fibroin, muscle protein and 
wool are examples of fibrous proteins. However, there are many proteins in which the 
coils are looped, twisted and folded back on themselves forming ball tike three-dimen¬ 
sional configurations. These proteins are said to be globular. 

The globular proteins are very important for living systems since they act as cata¬ 
lysts for chemical reactions taking place in body cells. These catalysts are cal led 
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enzymes and each enzyme often catalyzes only one particular reaction Whereas many 
organic chemical reactions conducted in the laboratory require organic solvents, high 
temperatures and pressures, the reactions in a living system arc carried out in water 
medium, often at room temperature and atmospheric pressure and under neuual ren¬ 
ditions. Thus the biosynthesis and the mechanism of action of enzymes is an impor¬ 
tant field of study in biochemistry. Proteins also represent vital construction materials 
out of which the basic framework of cells is build up. 

Proteins are quite sensitive to actions of heat and chemicals. These may change 
the spatial arrangement of a protein molecule Often soluble forms of proteins such 
as globular protein, are converted to the fibrous or insoluble forms White of raw 
egg is a globular protein. When ihe egg is boiled hard, the protein takes the in¬ 
soluble fibrous form and the protein is coagulated Such changes of spatial structure 
of proteins which are generally irreversible are known as denaturation of protein 
Addition of concentrated acids and bases and heavy metal ions (Hg, Ag ions) can 
also cause coagulation and denaturing of proteins Denatured proteins can no 
longer participate in biological activities This is also the reason for enzymes becoming 
ineffective when heated. Enzymes have complex protein structure. 

DIGESTION OF FOOD 

The digestion of food substances such as polysaccharides, proteins and fats takes 
place m different parts of the alimentary tract and is achieved by mechanical as well 
as chemical means. Mechanical actions of chewing and mixing occuring in the 
stomach lead to subdivision of food materials into smaller particles and their sus¬ 
pension in-^ater Chemical actions then reduces these particles to small molecular 
dimensions -which can be absorbed into the blood stream from the intestine. These 
arc mainly assisted by the enzymes present m the different parts of the food track. 
The digestive reaction can be written as: 

enzyme 

Food 4- water- > small molecules. 

In mammals the ehzymatic digestion occurs mainly in mouth, stomach and 
small intestine. At each of these sites, specialized digestive glands secrete 
one or more digestive juices. First, as the food material enters the mouth, the salivary 
glands present produce saliva which contains the enzyme called amylase or ptyalin. 
This is responsible for the hydrolysis of polysaccharides such as starch to maltose. 

From the mouth, food passes into the stomach. Here it mixes with gastric juice 
which contains strong hydrochloride acid (pH 2.0) and a proteolytic enzyme, pepsin. 
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This cn/.ymc hydroly/cs proteins to ammo acids and small peptides 1 he hydrochloric 
add coagulates the proteins and also facilitates the action of pepsin. 

In the small intestine, particularly in its section next to the ‘tomach, digestion of 
all types of foods occurs. Here the food mixes with intestinal juice secreted by the 
gut wall, pancreatic juice from the pancreas and bile from the liver; and also 
reaction medium changes front acidic to alkaline (pH 7.5). The carbohydrates are 
acted upon by amylases and converted to simple monosaccharides. Lipids arc 
emulsified by the bile and converted to fatty acids and glycerine by the lipases. 
Proteinases like pepsin, trypsin and chymotrypsin, convert proteins to simple amino- 
acids. 

When the digestion is completed, the intestine contains water, dissolved mineral 
ions, monosaccharides, ammo acids, fatty acids, glycerin, vitamins, etc These are 
absorbed into the blood stream through the intestinal wall. The undigested or un- 
digestable components of food are propelled further into the large intestine and 
excreted, 

proteinases peptidases 

pepsin, trypsin (intestinal) 

Proteins- L -—► polypeptides—--» amino acids 

chymotrypsin 

amylases disaccharastes 

(salivary, pancreatic, (salivary, pancreatic 

Polysaccharides- 7—7 -► disaccharides - 

intestinal) intestinal) j 

monosaccharides 


lipases 

bile salts (gaslriC pancreatic. 

Fats---*> emulsified fat---—► fatty acids, glycerin. 

intestinal) 


20.10 NUCLEOTIDES 

A nucleotide consists of three parts: a phosphate group, a pentose sugar and a 
nitrogenous base. The pentose sugar may be either ribose or deoxyribose and the 
nitrogenous base may be any one of the two purines (adenine and guanine), or the 
three pyrimidines (thymine, cytosine and uracil). According to the type of pentose 
present, the nucleotides can be of two types, ribonucleotides and deoxyribonudeoiides. 

The carbohydrate derivatives of purines or pyrimidines are called nucleosides. 
The nucleosides ate named after the bases. Thus riboside of adenine is called 
adenosine and the deoxyriboside is called deoxyadcnosinc. 
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jl-D-2-deoxyribose 



-O—CH« >0 



phosphate 

unit 


Adenine ribonucleotide, adenylic 
acid or adenosine 5'-mono- 
phosphate (AMP) 
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HO -P-O-GHa 



phosphate unit 

Adenine deoxyribonucleotide,® 
deoxyadenylic acid or deoxyadenosine 
5'-monophosphate (d-AJvlP) 

NH 2 _ 


o 6 

HO-P-O-CWa 

‘“'K 



phosphate unit 


phosphate unit ... J . , 

Guanine ribonucleotide, guanylic acid 

or guanoeiae monophosphate (GMP) or cytidme monophosphate (CMP) 

*Ia adenine deoxyriboBucleotide, tbe pentose i*2-deoxyribo« in which two H atoms are present 

on the second carbon atom* 
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uracil unit 


ribose unit 


Uracil ribonucleotide, uridylic acid 
or uradine monophosphate (UMP) 



CH 3 

thymine unit 


deoxyribose unit 


phosphate unit 

Thymine deoxyribonucleotide, 
thymidylic acid or thymidine 
monophosphate (TMP) 

Nucleotides are building blocks of large molecules. They serve three crucial func¬ 
tions in cells. Some are energy carriers, others are co-enzymes and still others are 
carriers of hereditary information (genetic code). 

Energy Carriers 

A nucleotide can link up in a serial fashion with one dr two additional phosphate 
gioups. For example, if to adenosine-monophosphate (AMP) one more phosphate 
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group is added, then adenosine diphosphate (ADP) is formed. If two phosphate 
groups are added to AMP. adenosihe triphosphate (ATP) will be formed.. 



ATP 

(A-R-P-P-P'i 


(The svmtwto A, 

a-r-p-p-p+h»o —' 1 
(ATP) 

A— R— P— P + HjO -■ 


jepresrtvudenme. riboteand phosphate respect,vely, 

. a _r- p—P + P. ACJ»(pH™> = - 3’ * kJ 
(ADP) 

^ A _R Jp + P . AGis(pH 7 0) - ? 
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Tlic energy earners. ATP and ADP are actually phosphate anhydrides and when they 
are hydrolyzed release free energy and for their synihesis.from AMP and ADP res¬ 
pectively require noi only phosphate but also additional amount of energy This 
cnergj for their synthesis is derived in cells from oxidation of fuels such as carbo¬ 
hydrates and fats and the primary function of respiration actually is to produce ATP 
from ADP. ATP is thi most important energy carriers in a!! living cells. Derivatives 
of other nucleotides (UTP CTP, GTP, TTP) play only a limited energy carrying role 
An example of how ATP participates in a set of reactions can be given. It is almost 
thermodynamically impossible to reduce a carboxylic acid to the corresponding 
aldehyde under biological conditions (i e. at room temp . pH = 7.0). Nevertheless 
living systems can accomplish this reaction in water medium by first increasing the 
energy content of the acid with the help of ATP and then reducing it to aldehyde 

O 

II 

RCOOH h A—R-P-P--P-► R— C-O-P + A -R-P-P 

(ATP) (ADP) 

O 

|| electron 

R-C-O-P + (2H)-*■ R-CHO + P 

acceptor 

20.lt COENZYMES 

Some enzymes are conjugated proteins; a non-protein group is attached to the 
protein moiety The non-protein portion. often called prosthetic group may be a 
metal or an organic group (usually a B-vitamin) or an organic group which includes 
a metal also. The complete conjugated protein is called holoemyme, the protein¬ 
aceous part apoenzyme and the non-protein group is called coenzyme when it is a 
B-vitamin or cofactor (when it is a metal), 

Holoenzyme Apoenzyme + Coenzyme 
or Conjugate protein enzyme <p* Protein + Prosthetic group 

The proteinaceous part, apoenzyme, is characterized by its being heat labile 
and the coenzyme (prosthetic grotfp) by its heat stability. For the active function¬ 
ing of an enzyme both the proteinaceous part and the prosthetic group are 
essential. 

In most coenzymes, thi nitrogen base of nucleotide is replaced by .another 
chemical unit usually a derivative of a particular B-vitamin. Some coenzymes do 
not have any nucleotide attached to them. 
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AH the water-soluble B-vitamins are to be supplied in the diet. For example, 
a deficiency of nicotinamide in the diet results in a disease known as peHegra in 
humans and black tongue in dogs. 


20.12 NUCLEIC ACIDS 

Nucleic acids are polynucleotides having, 
upto thousands of linked nucleotide units. 
There are two types of nucleic acids depending, 
upon whether they belong to ribose senes or 
deoxyribose series. A system consisting of 
ribotides is ribose nucleic acid (RNA) and a 
system consisting of deoxyribotides is deoxyri¬ 
bose nucleic acid (DNA). DNA is the “master 
molecule" contained in the chromosomes of 
the cell nucleus. It is responsible for the inheri¬ 
tance of genetic characteristics of a particular 
species of a living organism. RNA and DNA 
are identical in structure except in two respects : 
whereas RNA has ribose as sugar and uracil as 
base (no thymine), DNA has 2-deoxyftbose as 
sugar and thimine as base (no uracil) in their 
structures. 

24.12-1 STRUCTURE OF DNA 

In the DNA molecule, the phosphodiester 
bridges link successive nucleotides between the 
5'-cafbon atom of the deoxyribose of one 
nucleotide with the 3'-carbon atom of the next 
as shown in Fig.20.2. 

Thus the covalent backbone of DNA 
consists of alternate phosphate and deoxyribose 
units from which extend side chains consisting 
of the four different nitrogenous bases ,in a 
characteristic sequence. Since the difference is 
only in respect of the four nitrogenous bases 
(adenine, guanine, cytosine and thymine) and 
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the remaining parts (phosphate and deoxyribose) are common in the DNA poly¬ 
nucleotide. the genetic message that is imparted by DNA lies in the specific 
sequence of the bases arranged along the chain. A sample sequence would be 
A — T — C — G — A — G — C — T — C It is obvious that a very large number 
of different sequences 15 possible since most DNA molecules are very long with 
millions of nucleotide units For example, the chromosomes of bacterium, E. Coli, 
contains aboqf 4,200,000 units of base pair and is only 1 2 mm long. 

From X-ray data Watson and Crick found in 1953 tnat the native DNA as it 
exists 111 living systems has a right handed double helical structure called a— helix 
In this the two strands of DNA are intertwined helically around each otner in such 
a way that the two molecules run in opposite directions and the bases of two 
strands fit each other in a complementary manner (Fig 20.3). For a close fit of the 



t nj Z0 3 (a) Base pairing by optimum hydrogen bonding and complementary chain in DNA molecule, 
(b) Representation of a double helix DNA moleenle, (The vertical dotted lines between 
two buses repi'eva' hydrogen bonds The two strands in DNA molecule are shown 
in oppositedjrfcction i.e unliparallel). 
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twa chains, it is found that adenine of one chain always pairs with thymine of the 
other chain and guanine of one chain pairs with cytosine of the second chain The 
pairing involves hydrogen bonds. When such pairing of the bases between the 
two strands of DNA occurs, both the strands of DNA are said to be complementary 
to each other. A simple diagram of the double helical DNA is illustrated in 
Fig 20 3. The designations “5'—end’ and “3'— end” indicate the ends of 
the chain bearing a free hydroxyl group on the terminal deoxyribose unit at 
5' and 3' positions respectively. (The tetters A, G, C, T stands for adenine guanine, 
cytosine and thymine respectively) The macromolecule, DNA performs three func¬ 
tions which make it the universal key to life. First, the DNA provides the cell with 
information and instructions on how to manufacture specific pi oleins and through this 
control of protein manufacture, DNA controls the entire structcral and functional 
make up of the cell Second, cellular DNA has the unique properry of precise seif- 
replication. DNA is a reproducing molecule. Self-replication property of DNA is 
at the root of all reproduction processes and m a basic sense even the reproduction 
of a whole plant or animal. Third, under certain conditions (for example, by the 
action of y-rays, X-rays, ultraviolet light and some chemicals), DNA can undergo 
mutations, or become slightly or permanently altered in its nitrogenous base sequence 
As a consequence, the structural and functional traits can become different and these 
changes will) be reflected in all the cells of the organism jmd its progency An 
example of mutation is albinism in which the pigmentation of skin, hair, etc. is 
affected. Finally, although the content of a cell in respect of other molecules may 
change according to environmental conditions, the DNA content of a cell is always 
constant 

The structure of RNA is very similar, to that of DNA except in two respects, 
first, the sugar in RNA is ribose and not deoxyribose, and second, RNA is a 
single stranded molecule The structure of RNA is shown in Fig. 20.4 There are 
three different kinds of , RNA molecules in a cell which are involved in specific 
protein biosynthesis, namely messenger RNA (m-RNA), ribosomal RNA (r-RNA) 
and transfer or soluble RNA (t-RNA). The messenger RNA (as its name implies) 
is a complementary copy of a segment of one strand of DNA and has a very short 
life. [For example, if the segment of the strand of DNA has the base sequence, 
— A — T — T - ,the m-RNA base sequence would be 

- _u — A _g — C — IJ — U - A—A — . In other words, m-RNA carries 

the message of DNA for the specific protein synthesis as and when required. The 
ribosomal RNA is the site of protein synthesis in the cytoplasm and carries no 
message of DNA. The transfer RNA is a small molecule and as us name implies, 
it transfers amino acid to the site of protein synthesis. There are at least twenty 
different t-RNA molecules each specific for dne amino acid 



CHEMISTRY 


Mo 


NH* 



<j> OH 

0=ip—• 


1 

OH 

Fig. 20.4 Structure of RNA (only a part of RNA molecule is show here) 

20.12-2 VIRUSES 

Diseases like the common cold, measles, small pox, influenza, poliomyelitis and 
several others are attributed to specific substances called viruses. Each virus 
consists of two major parts : a core of a nucleic acid which may either be DNA 
or RNA and a protein covering which protects the core and helps the virus to 
penetrate a cell wall, Once the virus DNA or RNA penetrates a cell wall, it 
compels the cell organization to reproduce the virus particles like itself, When their 
number increases sufficiently, the original cell bursts, The new virus particles now 
Start the destruction of new host cells. 

20.13 BIOSYNTHESIS OF PROTEINS 

In a cell, the molecular elements, DNA, RNA and proteins interact in such a 
way that the flow of genetic information under usual circumstances proceeds from 
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DNA « ““ d “^“ “"*• «*. «“*• *»> (b. Mil, 

from DNA to RNA to protein, according to the overall scheme. 
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The synthesis of proteins is different in at least one basic respect from the 
manufacture of other cellular compounds like glycogen, starch or lipids. A 
glycogen molecule, for example, is composed of identical glucose units and h 
structured like any other glycogen molecule containing the same number 
ot glucose units. On the other hand, an organism, makes its own specific 
proteins and no two individuals have identical proteins. For only if newly 
formed proteins are exactly like those present earlier can a cell maintain its own 
special characteristics. Since a protein molecule is composed of different kinds of 
amino acid .units, a random linking together of such units would make one 
polypeptide chain quite different from every other. Protein synthesis therefore 
requires specificity control, in other words, a “ blue print" must provide instructions 
about the precise sequence in which given numbers and types of amino acids are to 
be joined as a protein. Ultimately, this specificity control is exercised by the 
genes of a cell, that is the DNA of the chromosomes. (The chromosomes arc thread¬ 
like structures present in the, nucleus of a cell on which genes are arranged in a 
specific sequence. A gene is a segment of DNA molecule which codes or specifies 
for one polypeptide chain. The number of chromosomes per cell per species is 
constant; man has 46 and potato has 40 chromosomes per Cell). The primary 
function of genes is to control specificities in protein synthesis . 


20.14 BIOLOGICAL ASPECTS OF AGEING 

It is common observation among humans and other living organisms that they 
grow old in course of time. During the aging process, the human body as a whole 
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experiences loss of coordination and working capacity. Besides, the skin gets 
wrinkled and hardened. It always was and is still intriguing to the man to find 
out the causes of getting old. Only recently, scientists have started investigating 
whether there is any method of slowing down the ageing process. 

Now a days, the ageing process is being studied at the level of body cells One 
extreme theory, suggests that DNA of each cell carries its own programme for self 
destruction. Another'view is that the cells age and die as a result of environmental 
causes such as exposure of DNA to radiations of various types. The damage of 
DNA eventually leads to destruction of the cells. 

With ageing, the cells accumulate ‘waste’ materials either inside or around them. 
These could possibly obstruct their normal activity. 

There is no sufficient data for or against any of these theories. 

Another theory for the cause of cellular damage and ageing concerns the 
lysoscmea contained within the cells. The lysosomes are small bag of enzymes 
com oi-ried with the digestion of materials brought into the cell from outside. The 
lysosomal enzymes have very powerful degradative action on any biological material 
with which they come into contact. The reason, they do not break down the cell 
substances is that they arc enclosed within a membrane and do not normally come into 
contact with the cell constituents, This theory states that- sometimes the bag may 
break and cause the enzymes to escape. In such a situation cellular damage can 
occur. 

Lysosomal theory is the modern one and the discoverer of lysosome got nobel prize 


EXERCISES 


20.4 Why do living organisms need energy to keep them living 7 How do they acquire this energy 7 

20.2 What role is played by chlorophyll in the functioning of plants 7 * 

20.3 Why are naturally occurring ammo wids and sugare optically active 7 Wh#t type of activity 
is generally shown by them ? 


20.4 Define and illustrate‘he following: 
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(®) carbohydrates, (b) amino acids, (c) denaturation, (d) DNA, 

W (f) oil, (g) furanose, (h) lipids, 

(i) monosaccharides, (j) nucleotide, (k) pyranose, (1) RNA. 

215 What are the hydrolysis products of cane sugar, and milksugar, starch. 

20.6 Write structural formulae for tristearin and triolein which are stearic acid and oleic acid 
eaten of glycerol. 

20.7 State the reactions in which following enzymes will function: 

(a) lipase (b) amylase (c) cellulase (U) myertsse. 

20-8 Why does heating cause loss of activity of enzymes? 

20.9 What is the difference between: 

(a) RNA and DNA (b) nucleoside and nucleotide (c) ribose and deoxynbose. 

20.10 Describe a simple test to find out whether a fat has unsatunted acid or not. 



UNIT 21 


Chemistry in the Service of Man 


Chemists have not only developed more economical and convenient methods of 
recovering useful materials from nature but have also made many new substances 
used by man to improve his living conditions These include various medicinal 
compounds, agricultural chemicals and polymers used as substitutes for fibres and 
structural materials like stones wood and metals. Soaps and synthetic detergents are 
now common household articles. In this Unit we shall describe some of the more 
important.of such substances 

21.1 POLYMERS 

There are two kinds of polymers: natural polymers such as cellulose, wood, silk, 
skin, rubber, and synthetic polymers such as synthetic rubber, synthetic textile fibres 
(terylene, polyester, ete.) and various plastic materials used in the manufacture of 
products ranging from baby bottles to automobile bodies. The synthetic polymers, 
as the name implies, are made from some ordinary simple chemical substances. 

21,1-1 NATURAL POLYMERS 

Amongst natural polymers, cellulose and its derivatives are industrially most 
important. Whereas wool, silk, and leather are proteins and natural rubber is a 
polymer of the hydrocarbon isoprene, cellulose obtained from cotton and wood is 
a polysaccharide consisting of cdlobiose units, About 60% of wood and 90% of 
cotton is cellulose, After removing the impurities such as waxes, fats and pectin 
like substances, purified cellulose may be used as such or* it may be used for the 
manufacture of rayon, cellulose acetate fibres, cellophane, explosives like “gun 
cotton” and plastics like celluloid. 

Cellulose is not a single chemical, It consists of at least two main parts, a-and 
^-cellulose. Whereas ^-cellulose dissolves in 17-18% aqueous solution of sodium 
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hydroxide, o-cellulose does not do so. Rayon and cellophane are made from 
a-ccllulose by (he viscose process. A suspension of a-cellulose in sodium hydro¬ 
xide is allowed to react with carbon disulphide. The product is obtained in the form 
of a viscous syrupy solution known as viscose. 

o-Cellulose +NaOH+CSi-► Viscose 

When viscose is extruded through narrow pin holes or slits into a solution of 
sulphuric acid, the cellulose can be reprecipitated as a continuous rayon filament or 
as cellophane sheets. 

Viscose + H a S0 4 —► Cellulose as rayon or cellophane + CS* + NaHSOj 

Esters and ethers of cellulose are also widely used in industry. Among the 
esters, nitrate, acetate, and butyrate are important. Cellulose mono-and di-nitrates 
are used in the celluloid industry after mixing with camphor, castor oil and other 
plasticizing agents Nitrated cellulose, containing more than 13% N, is explosive 
and is called "gun cotton”. 


21.1-2 swmwmc POLYMERS 

Synthetic polymers toe made in factories from substances with small molecules 
called monomers. Two types of polymerization processes are used: addition 
polymerization, in which the monomer molecules simply add together to form chains 
and condensation polymerization in Ulrich new bonds are formed by elimination of 
small molecules like HjO. Addition polymerization is induced by ions or free 
radicals. Thus in the polymerization of vinyl chloride (CHj*-CHQ), the fixe 
radicals help in opening up the double bond of the monomer and to initiate, the 
polymerization reaction: 


R- + CH a *?CHCl —*■ R—CH*—CHCl-» RfCHr-CHCJ), 

free vinyl 

radical chloride 


This process stops wnen another free radical gets attached to the other end of 
the chain. The manufacture of nylon 66 involves condensation copolymerization of 
hexamcthylene-diamine and adipic acid. Each .of these monomers contain 6 cartam 


a H S N—( CH a )g—NHa + n HOOC-{ CH a )r-COQH- 
hssmnethykne diamine adipic add 


-nUgO 
—>—» 




o 

n 


^ CH S - NH - C - < CHs )s ~ C-i-n 
nylon 66 polymer 
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The polymerization reaction continues tiU all of one or the other reactant is used up. 
21.1-3 ADDITION POLYMERS 

These include the diene polymers in genera! such as polyethylene or polythene, 
polyvinyl chloride ( PVC), polystyrene, etc 

Polyethylene or polythene, -(- CH 2 -CH a — CH 2 -CH 2 -4-a: This polymer is 
made of ethylene and is used as films, sheets and as coatings for electric wires, cables 
and other materials. It is also used in the manufacture of polythene pipes, bottles, 
buckets, etc. 

Polypropylene, CH - CH 2 - CH - CH S -H is harder and more tenacious 
CH S CHj 


than polythene. It is obtained from propylene and is used for ropes, fibres, seat 
covers, etc. and in the manufacture of stronger pipes and bottles. 


Polyvlnylchoride ( PVC ), CHj - CH - CHj - CH -)-n 

Cl Cl 


It is a pliable polymer made from vinyl chloride ( CH 2 =CHC1) and has very wide 
applications. It is used in the manufacture of raincoats, hand bags, plastic dolls, 
curtain cloths and vinyl flooring. It is a good electrical insulator and is used for 
wires, cables and other electrical goods PVC is also used in making gramophone 
records and hose pipes- 


Polyacrylonitrile, -f- CH 2 —CH—CH 2 —CH -)-n 

CN CN 


It is a polymer of acrylonitrile (CH a =CHCN) and is used for the manufacture 
of Orion and Acrilan fibres. 


Polystrene, 


CH - CH* - CH - CH* n is the polymer of styrene, CH=CH 4 



CHSMBTftY 04 THE SULVIGB OF HAN 


377 


It is a good transparent polymer and is used in the fabrication of plastic toys, 
household wares, radio and television bodies, refrigerator lining, etc. 


Polymethylmethacrylate (PMMA ) is a polymer of methylmethacrylate. Horn 
Ukeup beautiful colours and tints and is widely used in the manufacture of lenses, 
light covers, lamp shade«, plastic jewellary. signboards, moulded novelties dentures 
sky ghts an or decorative purposes in buildings'. Its outstanding property is its 
dearness and excellent light transmission (even better than glass). Its commerdal 
names are Lucite, Plexiglass, Aciylite and Perspex. 

9 s * CH„ CHj 

C =» CH t -- -f-C—CHa—C—CHs-^-n 

COOCHa COOCHg COOCH» 

methylmethacrylate polymethylmethacrylate 


Polytetrafluoroethylene (Teflon) is a polymer of tetrafloroethylene, CFi=CF* and 
has the structure; 


F F F F 



-C-C—K 

Uii 


It is quite flexible and chemically very inert. It is used for making gaskets, 
pump packings, valve seals, non-lubricsted bearings, filter cloths, etc., where high 
resistance to chemicals and heat is required. 


Synthetic rubbers: Natural rubber, which is obtained from the latex of the 
rubber trees, is a linear polymer of isoprene, (CHj=*C-CH=CH 9 ) and may be 

CH S CHs 

represented as -f- H#C - dl=CH - CH* -f-«. 

Synthetic rubbers are not identical with natural rubber but resemble it in many 
properties. Thus a copolymer of butadiene and styrene, Buna-S (Bu for butadiene, 
na the symboifor sodium, Na, which is polymerizing agent and S for styrene) is used 
for automobile tyres. 



tCH,-CH-CH- CHs-CH-CHtfR 



Buna-S 


Neoprene it a polymer of chloroprene 


(HtC-C-CH- 

A 


>CHa); This it also an excellent 


rubber-like material. 


There are other innumerable addition polymers in the market such aa polyvinyl¬ 
acetate polymer used in peinti and copolymer of vinylacetate for floor coverings, 
upholstering materials, flexible sheetings, films, etc. 

21.1-4 CONDENSATION POLYMERS 

As mentioned earlier, these are made by condensation reactions involving loss of 
a small moiecule such as water, methanol or hydrogen halide between condensing 
units. Some of such polymers are resins like urea-formaldehyde, phenol-formalde¬ 
hyde (Bakelite) and glyptal and fibres like terylcne and nylon. 


Urza-formaldehyde restm ? These are made by the condensation of urea and 
formaldehyde under acidic conditions. 


NH» 

O-A + 2 CHfO 

u 


HQ 


HN-CHsOH 

O-A 

Hll-CHgOH 


HN-CHa-NH 


+CO (NHa)i I | 

-- r - —> c-»o c« 


-HsO 


HN - 


CHa- m 


urea formal- dfcpsthylol ®ea 

dehyde 

The unpotymerized reams are colourless, watw-sotebk materials extensively used 
k the bonding of sheets of paper, doth os wood such as plywood, Tim polymerized 
resins are ehmically in^rtpmktant to solvents, have a hard, disable surface ami am 
thermosetting. They cannot be reshaped by t&a&ttag. 

Phsml-fwma ltfe&yds r&gim (Mak@!i$ 0 ) i They aso sahds by the te®etks® o i 
pbsaol and fsmikkhytls in the pr®ffl8*se.cfs catajyat. The r^ctkaa involve 
kmtisti of mcthytem bridges in srils, pore or both ortjb ssm! pars positions 
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Thus linear or orosslinked materials can be prepared. 



CH 2 OH 

intermediate ortht -and pofa-hydraxyl 
methyl phenols 



crosslinked polymer-Bakehte 
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CresslinkecJ bakelite is a thermosetting polymer. Soft bakelites with low degree of 
polymerization are used as bonding glue for laminated wooden planks and in 
varnishes and lacquers. High degree of polymerization leads to formation of hard 
bakelites which are used for making combs, fountainpen barrels, phonograph records, 
electrical goods, formica table tops and many ether products, Sulphona-\ed bakelites 
aie used as ion-exchange resins: 

Melamim and formaldehyde copolymerize to give another polymer used in making 
plastic crockery Cups and plates made from rttelamine polymer are hard and do not 
break on being dropped 



ch 2 o- 

formaldehyde 


N 


H« 



"V 

NHi 

resin Intermediate 


-NH CH*OH 
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S3 

O. 
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melamine polymer 


Terylene or Dacron: The polyester of terephthalic acid and ethylene glycol, 
when made into textile fibres is called Terylene or Decron. It is highly crease- 
resistant, durable and is not damaged by pests like moths and mildew. 


n (HO-CH 2 -CH 2 -OH)+n ( H~ 

ethylene glycol terephthalic acid 


O-C- 



O 

II —nH 2 0 

-C-O-H)-> 
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O 

OCHi-CHi-O-C 



-CO 




dacron or terylene 


Nylon : The name ‘Nylon’ has been applied to a polyamide which is usually 
made from dibasic acids and diamines. 


For example, Nylon-66 is a polyamide formed by the reaction of the adipic 
acid and the hexamethylenediamine Several other varieties of nylon have now 
been made 


O O 

II II 

n HO-C-(CH?) 4 -C-OH]+ nlHaN-(CH,),-NH s ] 


-n.H 2 0 


adipic acid 


hexametylened iamine poly merizat ion 


O 


0 


-I- C - (CH 2 ) 4 - c - NH - (CH*) e - NH -I- 


nylon-66 


Nylon is usually fabricated into sheets, bristles for brushes and textile fibres It has 
high tensile strength and good elastic recovery. Crinkled nylcn fibre 15 used for 
making elastic hosiery. 

Glyplal or alkyd resms . These aie polyesters of polybasic carboxyl adids, and 
polyhydric alcohols, for example, phthalic acid and ethylene glycol. These are 
thermoplastic in nature They are used mainly in the manufacture of paints a.W 
lacquers 



phthalic acid 


•+ 2 HO—CHj>—CH 2 —OH 


ethylene glycol 


polymerization 
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-OCHj—CHjOO 

u n i 

0 0 0 


COCH a -CH*-0- 


glyptal 

Amongst other polymers'available in the market are epoxy resins and silicone 
polymers. Epoxy resins stick to smooth surfaces and act as good binders. Silicones 
are glastic polymers which are used as protective coatings and as high temperature 
lubricants 


R R 

I I 

- (- Si- O ^ Si—O - )- n , 

V ' \ 

R R 



H OH H 
I I I 

-c-c-c 

H H H 




s 'l' cone epoxy resin 

21. 2 CHEMICALS IN AGRICULTURE 

There are two major uses of chemicals in agriculture. One is as chemical 
fertilizers and the other, as pesticides. Pesticides are materials used for kiling 
pests harmful for crops. 


21.2-1 FERTILIZERS 


There are three mam types of chemical fertilizers; 


(1) Nitrogenous fertilizers: Examples of these are ammonia, ammonium 

rmncii J™” 0 "' 1 ™ mtrate - calcium ammonium nitrate (CAN), and urea 
j ' . A these provide nitrogen in the form of ammonia, e.ther d.rectly 

or due to alkalinety of soil. The nitrates are reduced to ammoma by soil bacteria. 
CAR,s a popular fertilizer. It ,s a stable, safe and non-hygroscopic substance It 

■ P ° PU,ar nitr ° 8Cn0US fcrti,i “ r is urea - I* has all the 

^amiT “ ,t,0n ' “ ^ a highw <* reenla * of nitrogen. Calcium 

cyanamule (CafcCN) is a nitrogenous fertilizer which slowly forms ammonia by 
reaction with soil moistuie. 3 
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CaNCN + 3H 2 0-► CaC0 3 4- 2NH S 

Urea CO(NH 2 ) 2 46.67% nitrogen 

CAN Ca(NC> 3)2 .NH 4 N0 3 22.95% nitrogen 

Calcium cyanamide CaNCN 50.00% nitrogen 

(2) Phosphate fertilizers : Soil provides phosphorus to the plants in the form of 
water soluble phosphate. The cheapest sources of phosphorus are the mineral 
phosphorite and bone ash, Both of these consist of insoluble calcium phosphate 
[Ca 3 (P0 4 ) 2 ]. 

Due to alkaline nature of most soils, calcium phosphate remains insoluble. 
However, if calcium phosphate be treated with adequate mineral acids, it can be 
converted to the water soluble calcium dihydrogen phosphate [ Ca (H 2 P0 4 ) 2 ]. 

Ca 3 (P0 4 )2 + 4 H+-► Ca(HiP0 4 ) 2 + 2 Ca 2 + 

If a calculated quantity of sulphuric acid be used as a source of hydrogen ions, the 
calcium ions are fixed as CaS0 4 . 

Ca 3 (P0 4 ) 2 + 2 H 2 S0 4 —-► Ca(H 2 P0 4 ) 2 + 2 CaS0 4 

This is a very important use of sulphuric acid. The mixture of calcium sulphate 
and calcium dihydrogtn phosphate thus obtained is commercially known as super¬ 
phosphate. If phosphoric acid be used, wc get a product consisting of only calcium 
dihydrogen phosphate. 

Ca 3 (P0 4 ) 2 + 4 H 3 P0 4 -* 3 Ca (H 2 P0 4 ) 2 

This product is known as triple superphosphate. It has the advantage of being free 
from inert material like calcium sulphate. There is a considerable saving on 
transport of the fertilizer. Due to the alkaline nature of soil, superphosphate is soon 
converted to the insoluble form. 

The strength of a phosphatic fertilizer is determined on the basis of percentage 
of P 2 Os in it. 

Superphosphate Ca(H 2 P0 4 ) 2 ,2CaS0 4 . 20.8% P 2 06 

Triple superphosphate Ca(H 2 P0 4 ) 2 65.0% P 2 0 3 

(3) Potash fertilisers : Plants need soluble potassium salts for their proper 
development. In nature this potassium comes from the weathering of rocks- 



384 


CHEMISTRY 


However, for intensive cultivations, potassium compounds are addeci to the soil 
Most common compound used to provide soluble potassium to plants is potassium 
chloride It is sold under the name of muriate of potash However, for tobacco 
crop potassium sulphate is preferred to potassium chloride. The use of latter 
compound yields tobacco, which gives easily fusible ash. This makes it unfit for use 
m cigarettes. The ash of tobacco grown with potassium sulphate as fertilizer is 
high melting 

Potassium nitrate can also be used as fertilizer. 

Our sources of potash and phosphorus are rather limited and these need to be 
conserved for use as fertilizers 

21.2-2 PESTICIDES 

Pests are animals and plants detrimental to the interest of man. Micro-organisms 
and viruses causing infectious diseases are, however, arbitrarily excluded. Rodents, 
insects and weeds of seveiai kinds play a havoc with our economy and need a careful 
control. The chemicals used for destruction of insects in particular are called 
insecticides These and others used for destroying rodents (rodenticides), mites 
(miticider), nematodes (nematocides), fungi (fungicides) and weeds (herbicides) are 
together called pesticides 

Most common pesticide is DDT, These letters stand for tfichloroi/iphenyl- 
/rieW>ethan* A more apt name for it is 2, 2-bis (p-dichlorophenyl)-l, l; 1-tn 
chlorc'jtliane DDT ii an example ol chlorinated hydrocarbons used for destruction 
of insects. 

several othms simitar to and different from DDT have been synthesized and are 
in uje. 


H Cl 



DDT 
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Formulae of some of these arc shown here. 




benzene hexaehloride (BHC) aldrin 
or Mane, C,H f CU C rt H,CU 



chlordane 

C„H,C1, 



dfcMrin beptachtor 

C If »W> CuHsCI) 




QHSMESTSrV 


3 * 

The use of these insecticides has resulted in side problems of development of 
fesistence in insects and malfunctioning in birds and fishes due to their accumulation 
m animal bodies. DDT is still much in use inspite of its harmful effects because of 
non-availability of cheaper insecticides. Gammexane or 666 known in trade as 
hexachlorobenzene is wrongly named. It is in fact a stereoisomer of benzene- 
henchloride. 


A second large group of insecticides is represented by organc-phosphates. They 
have the advantage of easier degradation and are therefore less persistent in action. 
Their chemical structures are similar to nerve gases used in chemical warfare. 
Malathion and parathion are examples of this group of insecticides. Malathion 
is relatively safer but ail insecticides of this group are highly toxic to man and 


0 


CHj-O S CH-C-O-C 2 H 5 

\d / I 

P-S 1 o 

/ I I- 

CHj—O CH a -C-0-C,Hs 

malathion 


S 


c 2 H 5 -o n 
CjHs-o/ 


P-0 
parathion 



NO* 


domestic animals Due to their lesser stability, they have 10 be applied more often 
The insecticides are fairly general in action and destroy ihe useful along with the 
harmful insects. Another novel chemical method of insect control is by using 
sex-attractants. These chemicals are naturally" exuded by some female insect® to 
attract their males and are effective in very small edneeni rations. Thty are very 
specific in action. One example of such chemicals ij disparlure, It has been used 
against gypsy moth 


CH^ 

CHg/ 


CH-(CH 2 )* 


/ 

CHj-C-C 

/ \/\ 

H 0 H 


(CH 2 ) # CH 


3 


disparlure 
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Such substances are given the group name pheromones Anls use some such 
substance to lay a track for their group movements A more recent attempt to 
control insects is to use hormones for upsetting the growth cycles One such sub¬ 
stance is ceciopia moth juvenile hormone Its structure is 

C a H 5 CH 3 O 

c*h 6v | | II 

}C - CH-(CH„)2-C=CH-(CH 2 ) 2 -C =CH-C—OCHs 
ch/ \ / 
o 

cecropia moth juvenile hormone 


Heibicides are a group of chemicals used for killing weeds. A group of her¬ 
bicides is chemically similar to the natural plant hormone indole acetic acid These 
stitnulatc the growth of broad-leafed plants to the destruction point. An example 
of sufih substance is 2,4-D (2,4-dichlorophenoxyacetic acid) and another is 
2,4,5-T (2,4,5-trichlorophenoxyacetjc acid). 


a-^-o-c^cocm 

Cl-liv^J-Cl 

2,4,5-T 



Cl 


Cl 

0-CH,COOH 
2,4-D 



indole acetic acid 

Some herbicides act by inhibiting photosynthesis of glucose in certain plants. 
Diuron belongs to this group. 



diuron 

Rats (rodents) not only destroy stocks of food, they also spread diseaset. They 
are destroyed by using sodium monocbloroacetate, sodium fluoroacetstc, zinc 
phosphide, or thalium sulphate mixed with food. Alpha-naphthylthiourea (ANTU) 
is an organic chemical used for killing - rodents 

NH-C-NH* 



ANTU 



m 
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Warjnrtn discovered by Wisconsin Alumni Research Foundation (hence the 
name) has been found to be more useful as it is much less toxic to other animals. 
Chemically, it is 3-(a-acetonyl ben2yl)-4-hydroxy coumarin. 


rO 

CH 2 -C0-CH 3 

warfarin 

Amongst fungicides we have copper naphthenate, copper sulphate, 2,4,5-tn- 
chlorophenol and some mercuiy compounds. Bordeaux mixture consists of copper 
sulphate, lime and water. 

For preservation of underground'portions of woods phenols of coal tar (creasote 
oill are used. , 



21.3 FOOD ADDITIVES 

All those materials which are added to food to improve its appearance, taste, 
odour, food value and for keeping properties, and are permuted by law are called food 
additive i A variety,of food colours are currently in vise but it is suspected that some 
of these can cause cancer. This practice should be discouraged, For improving 
taite and odour spices are added, hjost. important chemicals to be added for taste 
are the synthetic sweetening agents Most important of these and perhaps the only 
safe one is saccharin which is used as its soluble sodium or calcium salt 

0 


~Nu+ sodium salt of saccharin 



It is about 600 times sweeter than sugar. 


Vanillin, an aromatic aldehyde is used for vanila flavour in custards, cakes, 
icecream, etc. 



-CHO 


ch 3 o-| 

HO-J 


vanillin 
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Salts and vitamins may be added to food to replace the minerals and vitamins lost 
in food processing Food preservatives include substances which prevent oxidaiion 
processes and bacterial actions or both A common preservative for squashes and 
acid foods like pickles is potassium or sodium mclabisulphttc, 

(Na 2 S 2 0s 2 NajSOa + S0 2 ) 

It is a reducing agent, as well as a germicide Btrrzoic acid (C B HjC001I) is 
used in various foods as such or as its sodium salts. It retards bacterial growth and 
is metabolized to hippuric acid which is excreted in urine. ' , 



NHjCHiCOOH 


O 

QJ-NH-CH.COOH 


Amongst antioxidants in use are butylated hydroxy toluene (BUT) and butylated 
hydroxy anisole (BHA). 


CH a 

I 

OH 

CH 5 

CHa 

I 

OH CHa 

1 

C — 
1 

CHa 

O' 

| 

C-CW 3 

1 

CHa 

HaC-C-y? 

aJ 

\r C -CH; 


CH.i 



OCHa 


BHT 


'BHA 


Antioxidants prevent ageing, of food materials 

21.4 SOAPS AND DETERGENTS 

The characteristic feature of soaps and detergents is that they tend to concent 
rate at the surface of the solution or interfaces. Their solutions form coherent 
films. This property enables them to reduce surface tensions of solution and to 
cause foaming. They can emulsify greases and rimove dirt and dust. Such substances 
are said to be surface active agent or surfactants. The molecule of a surface active- 
substance contains two characterise groups, a water-soluble (hydrophilic) group 
and an oil-soluble (lipophilic)* group Thus one end of the molecule lends to eo 


The word lipophilic comes from "lipids" which stands for o.ls ,n general. 
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into the oil phase and the other end tends to go into the water phase, with the net 
result that'the material concentrates at the interface. 

6 

n + 

C 17 H 34 - C — ONa 

lipophilic hydrophilic 

part part 

Soap . Ordinary soap is a sodium or potassium salt of a fatty acid such as lauric 
lC n H 23 COOH), myristic (Ci 3 H 27 COOH). palmitic (C 15 H 31 CGOH), stearic 
(C 1T Has COOH), oleic (C 17 H 33 COOH) or linoleic (C 17 H 31 COOH) acids The fatty 
acids are obtained by the hydrolysis (saponification) of fa+s and oils 
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Soap is an excellent detergent and has 100 per cent biodegradability Micro¬ 
organisms present in sewage can completely oxidize soap to C0 2 and no pollution 
problems arise from used soaps But soaps have two disadvantages : firstly, they 
-form insoluble substances-when hard water is used 

The calcium and the magnesium ions present in hard water form insoluble 
calcium and magnesium soaps Secondly, from an industrial standpoint, soaps 
cannot be used in acidic solutions since acids precipitate the insoluble free fatty 
acids. These fatty acids may adhere to the fabrics during processing, and prevent 
the even application of dyestuffs. 

Synthetic Detergents . Most of the commercial detergents have C 8 to C 22 
hydrocarbon lipophilic groups and any one of the following four hydrophilic groups : 
(I) Anionic groups such as the sulphonate, sulphate or carboxyl group These are 
commercially more important. (2) Cationic groups such as amine salts or quater¬ 
nary ammonium compounds (3 )i Amphoteric groups containing both anionic and 
cationic parts, commercially these are relatively unimportant. (4) The non-ionic type 
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groups such as alcohols, and ethers. Some examples of typical detergents are g.vcn 
in Table 21.1. 

TABI fi 21.1 
Swat iJttergents 


Dtttrgint 


doss Oksttfradabtliiy Typical Fermi./a 


anionic 100% C„H„COO'Na + 


Alkyibenzene 
sulphonate (ABS) 


CHj CH 3 

) I ' 

anionic 50-60% CHtf-CH—(CH 2 CH )i-CH 2 ~CH-CH 3 



SO3N: 


Linear Slkylbenzene 
sulpnonale (LAS) 


anionic 90% 


CH 3 -(CH a ) # -CH-CH 3 
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Lauryl alcohol, sulphated anionic 100% CH«-(CH«)u—O—SOrNa* 

CH S CH, 

Nonylphenol, ethoxylated nonionic 30% CHj—CH—CHj—C— CH»—CH,—CH, 


(OCH 9 CH*)eOH 


Secondary alcohol, 
ethoxylated and 
sulpbared 


anionic 100% CHi—(CH|)»—CH — (CHj)»—CHi 

■lOCH*CHt),OSO,-Na* 
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The most "widely used domestic detergent is the linear alkylbenzene sulphonate 
(LAS} also called sodium dodecylbentene sulphonate (SDS) The sulphated and 
sulphonated detergents do not form precipitates with calcium and magnesium 
ions present in hard water as the calcium and magnesium alkyl' sulphates 
or sulphonatcs are soluble in water Secondly, these can be used in acidic 
conditions also 

The detergents are now a days very commonly used in washing machines for 
clothes and crockery 

21.5 CHEMICALS IN MEDICINES 

Substances used for treatment of diseases and for reducing suffering from pain 
are called medicines or drugs All such drugs are either single chemicals or their 
mixtures. Medicines act in serveral different ways. A description of these is beyond 
the scope of present text book Here we shall learn about the general effects of 
medicines and some of their common examples. Medicines should be taken under 
proper medical advice and they are prone to have side effects and can produce 
different and more intense effect and sometimes permanent damages to our bodies if 
they are taken in excessive dozes or for too long intervals. 

21.5.1 ANTISEPTICS, DISINFECTANTS AND GERMICIDES 

Antiseptics prevent growth of micro-organisms or may even kill them but are 
safe to Be applied to living human tissues. They can be applied to wounds, ulcers 
and diseased skin surfaces 

Disinfectants kill micro-organisms but they are not safe for contact with living 
tissues. They are applied to inanimate objects like instruments, floors, drains and 
public bath rooms. 

Germicide is a general term applicable to all substances which can kill or destroy 
vanoi ^ germs, fungi and viruses. 

The same substance can act as antiseptics as well as disinfectants according to 
the concentralion of the solution used, Thus, a 0.2% solution of phenol in 
water is an antiseptic, a 1% solution is- a disinfectant and a 13% solution is a 
fungicide. 

Chlorine is used for making water fit for drinking at a conceniration of 0 2 to 
0.4 parts per million (ppm). Low concentrations of sulphur dioxide are used for 
sterilizing squashes for preservation. The same gases are used as dismfecants for 
living rooms when infected with disease geims and bacteria 
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Most of the chemicals used as antiseptics, disinitciants and germicides are 
metabolic poisons or strong oxidizing agents for organu. tnauer Common exam¬ 
ples are listed in Table 21.2 


TABLE 11.2 

Antiseptics, Disinfectants and Germicides 


Potions. 

Mercuric chloride or bichloride of mercury (HgCI,), 0 1% solution 
Mercurochrome (a red coloured organic mercurry compound) 
Formaldehyde 

Phenol and cresols, salicylic acid, picric aeui 


Resorcinol, 



$ hexyl resorcinol. 



Acrlflavine (a yellow dye), 



Silver nitrate and colloidal silver 
Boric acid (a mild antiseptic) 

DDT 

Oxidizing ajants: 

Potassium permanganate solutions (up to 1%) 

Solutions of chlorine, sodium hypochlorite (NaOCl, Dakin solution) 
Bleaching powder, tincture of iodine, iodoform 
Hydrogen peroxide (3% solution) 

Alkalies : 

Caustic soda and polyphosphate 


115-2 CHEMOTHERAPY 

It is a method, of curing a disease by using some specific chemicals against the 
disease causing micro-organisms. Some important examples of chemotherapeutic 
drugs are quinine and chloroquine phosphate for malaria, emetine against atnaeba 


394 


CHEMISTRY 


and piperazine aga.nst round worms and pin worms. SUfcb'rfnlgmfcJt and other 
allied sulpha-drugs like sulphadiazine, are chemothurapeolKi agents used for 
bronchitis, sore throat infections and boils PAS (para-aminosalicylic aod and 
INH (uo-mcotin-hydrazine or tson.azid) are chemotherapeutic remedies for tuber 
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PAS (para-amino salicylic acid) 

o co-nh-nh 2 

INH (fao-nicotin hydrazine, isoniazid) 


21.5-3 ANTIPYRETICS 


These substances are used to bring down temperature in high fevers. Then 
administration often leads to perspiration. Common examples are aspirin (acetyl 
salicylic acid), phenacetin, paracetamol (4-acetarnidophenol) and novalgin (analgin). 
Quinine also has some antipyretic effect. Most common antipyretics in use has 
been aspirin but because of the salicylic acid generated by it in the stomach, it can 
ulcerate stomach wall and can cause bleeding there from, it should not be taken 
on empty stomach or indiscriminately. Calcium and sodium salts of aspirin are 
more soluble and less harmful. 



acetylsalicylic acid 4-acetamidophenol 

(aspirin) (para-acetamol) 
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21.5-4 ANALGESICS 

These are the drugs used for relieving pain. Aspirin and some of the other 
antipyretic* act as analgesics also. 

Narco/lcs : These are the drugs which produce sleep and unconsciousness, if taken 
in higher doses. Drug* of this group are also used as very effective analgesics 

Typical examples are the alkaloids* of opium, namely morphint, codein and 
heroin. They have complex structures. They are known to be habit forming, and 
to guard against addiction and misuse They are not sold without proper medical 
prescription. 

213-5 TRANQWK *ZER AND HYPNOTICS 

These drugs act on higher centres in the central nervous system and help in 
reducing anxiety. They are constituents of sleeping pills. Their misuse and use 
without adequate reasons is frequent. They can be habit forming and should not be 
taken without consulting a doctor. Some of these like luminal and seconal art 
derivatives of barbituric acid. Equanil (meprobamate - ! is a different type 
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barbituric acid luminal secona 

•Alkaloids are organic bas.c substances .solated from plants. This name suggests that they «re 

bke alkali. 
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Serpasil is*a powerful tranquilizer. It is obtained from an Indian plant, Raowolfia 
Serpentina, and its chemical name is reserpine. Extracts of Hashish and Charas also 
fall in this category of drugs 


O- 

OCH 3 
serpasil (reserpine) 

21.5- 6 ANTIDEPRESSANTS 

These also act on the central nervous system and produce a feeling of well being 
and self confidence and may improve working efficiency of persons in depressed 
moods. They are thus called mood elevators They are incorporated in all sorts of 
pep pills These should not he taken without proper medical advice. Tofranil is one 
of such drugs Elevation of mood is also caused by amphetamine group of drugs. 
Typical example for these is benzedrine Large doses and persistent use of such 
drugs can lead to insanity Cocam, an alkaloid from Coca, can also produce similar 
effects when taken in small dozes. 
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— CH 2 —C -NH-, 

I 

CH3 

benzedrine (an amphetamine) cocaine 

21.5- 7 PSYCHEDELIC DRUGS 

These disturb vision and hearing, and Cause hallucinations. Colours are observed 
where none exists One loses sense of 6paee and time and gets a false feeling of 
happiness. A potent drug of this group is LSD-25 (lysergic acid diethylamide) and a 
some what less potent one is mescaline; ifhese substances leave dangerous effect* 
both on body and mind .As they arc not sold in the open market, most samples 
ve found to be contaminated \sith other dangerous substances. Many youngmen 
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have been lost to society by their misguided use of these hallucinogenic drugs. 


O 



lysergic acid diethylamide (LSD) 

11.5-8 GENERAL ANAESTHETICS 

Drugs which produce a general loss of sensation and consciousness are ealled 
general anaesihetics Some of these which act after absorption as vapours or gases 
from the lungs are diethyl and divinyl ethers, nitrous oxide, ethylene and cyclopro¬ 
pane. Some others are administered orally or injected into the' body Amongst 
these arc the narcotics, morphine, and pathedine The medicines applied or injected 
to cause senselessness in limited local areas as for tooth extraction and small surgical 
operation', are called local anaesthetics They create a benumbed feeling Examples 
are cocaine, novocainc, (procaine) and xylocaine which are injected or applied 
locally and ethyl chloride which is sprayed to cause intense cooling of the tissues to 
be operated upon 

0 


procaine 

11.5-9 ANTIBIOTICS 

These are chemotherapeutic substances which are obtained as metabolic products 
from some specific organisms (bacteria, fungi and moulds) and can be used to kill 
some othfcr organisms. Being products of life' processes and being uted to stop other 
life processes, they have been given the group name of antibiotics. The first of the 
antibiotics discovered was penicillin which is a very effective drug for pneumonia, 
bronchitis, sore throat, abcesses, cti Ampicillin h a semi synthetic modification of 
penicillin It is of more wider applications. Streptomycin is another well known 
antibiotic used for treatment of tuberculosis. Broad spectrum antibiotics are medicines 
which are effective against several different types of harmful micro-organisms 



398 


CHEMISTRY 


Amongst these arf tetracyclins, chloramphenicols (Chloromycetin), etc. 
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Sulpha drugs like sulphanilamide, sulphadiazine, sulphaguanidine and sulphaceta- 
mide act against micro-organisms like af.tibiotics and have been used in place of them. 
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21.5-10 BIRTH CONTROL PILLS 

These contain drugs related to female sex harmones. These drugs have structures 
similar to the steroid ring structure A common brand name, Enovid E contains 
norelhynodrel and mestraml All such medicines are likely to have side effects 
which mav noi have been observed so far and should be taken only under medical 
observation and guidance. 
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EXERCISES 

31.1 Define the terms natural and synthetic polymers. State the utei of cellulose. 

21.3 State and explain the two method* by which synthetic polymer* are made. Give examples 
and uses of any two synthetic polymers made by each method. 

21. i What are chemical fertilizers 7 State the advantages of urea and CAN over ammonium 
sulphate. 

21.4 (a) What are superphosphate and triple superphosphate ? How are they made T Why 

k) triple superphosphate preferred over ordinary superphosphate 1 
(b) State why potaaaium sulphate ii preferred to potassium chloride for tobacco plants. 

91.5 $9) Define the term “peatIcide'C 

(b) What are DDT and BHC 7 State the advantages and disadvantages or using them at 
insect letdes. 

(c) Give examples of organophoephite insecticide* and explain their advantage* over 
DDT and BHC. 

21. 6 (a) Give examples of herbicides and explain the mechanism of their action. 

(bj It is said that about IS to 20 per cent of our total food crops are destroyed by rata. 
What cheap rodenticide do yt>u suggest for this menace 7 
21. 7 (a) What is a surface active %gem ^ How does it act < 

(b) Write the formula of a soap add explain the leims hydrophilic and hydrophobic 
groups* 

21.8 (a) What ia meant bylhetann "synthetic detergent*'? 

(b) Writ* the structure of sodium dodeeyl benzene lutptuuare and stele its advantages 
and disadvantages overtprdmaty soap. 

Q. 9 Define the term; antiseptics, duinfectants aad fienniciAas. Ohm eaampim. 

2U0 What am chemotheraeutic drugs 7 Write the structure of aspirin and explain how hacu 
at a medicine. 

SJI On uagtln of tnaqoUten and explain their n* 

2142 Wtsg 3S9 -i* 1 "*** 7 Ohm tmmuihi 




Answers to Sonic Selected Questions 


1.2 

1 3 

2 8 

3 4 

4 11 

4 12 
5.L0 

5 1) 

5 14 

6 2 


6.3 

64 

6.5 
6.10 
6.11 

6.13 

6.14 

<i 16 
6.18 

7.2 

7.3 
77 

1.5 
li 6 

11.7 

11.8 
11.9 
11.13 


6.6 x 10 =' ks m see ' 

2 475 x 10 »» J for 8000 A, 4 95 y 10 -1 " J for 4000 A 

(b) 293.0 kJ mol- 1 

0,42 mii 

109 JK- 1 mol' 1 


462,7K 

t, --- 2.01 X 10 1 sec 
t, 9.43 X 10 3 sec 
0.138 min -1 


"■'-CjHjOH ~ 0 - 17 ’ 7- 

0 008 mol litre -1 


n 2 o 


0.83 


*n a o - °- 502 ’ X 
0.5 molal 
(a) 110 mm Hg, 
(a) 373.018 K, 
46 g mol -1 
60.7 g mol -1 
288 g mol -1 
8 degree molal -1 


C a H b UH 


- 0.196, 


(b) 80 mm Hg, 
(b) 272.934 K 


7- cn a c ooh 


-- 0.30. 


(c) 1 14.1 ram Hg 


0 46 Volt 


(a) 0.34 Volt, (b) ==1.10 Volt, (c) 1.08 Volt 
(d) 0.93 Volt 
6«, 4(3 

(a) 2.05 days (b) 14.1 x 10-“ kg, 10 2 x 10"* kf, #4)2 x 10 6 kg 
12.34% 

(i) 4,256 x 10 3 years, (it) 53.33 years, (iii) 2.793 x 10 U years 
=■- 25.1 days, A = 0.02752 days -1 
6.321 x 10 M atoms of C-14 






1790 i 8 i 8 


2068 2095 


2330 2355 2380 



2718 2742 


2833 2856 


3997 
4166 

433o|4346|4362 
4487 
4639 

4786 
4928 

5065|5079|5092 



10212 0253 0294 0334 0374 


0607 0645 


0969 1004 1038 1072 1106 
1303 i _335 1367 1399 1430 
1614 1644 1673 1703 1732 


1903 1931^ 1959 1987 2014 

2148 

2175 2201 2227 2253 2279 

2405 

2430 245s 

2648 

2672 2695 

28f8 

2900 2923 
3096 3118 3'39 
3304 3324 3345 
3502 3522 3541 
3692 3711 3729 
3874 3892 3909 
4048 4065 4082 
4216 4232 4249 
4378 4393 4409 
4533 4540 4564 
4683 4698 4713 

4829 4843 4857 
4969 4083 4997 
5105 5119 5132 
5*37 5*50 5*63 
5366 5378 5391 

5490 550 * 5514 
5611 5623 5635 
57*9 5740 575 * 

5843 5 8 55 5866 
5955 5966 5977 
6064 6075 6085 
6170 6180 619! 

6274 6284 6294 
6375 6385 6395 
6474 6484 6493 

6571 6580 6590 
6665 6675 6684 
6758 6767 6776 
6848 6857 
6937 6946I69S5 




16 20 23 
15 18 22 


14 18 21 
14 17 20 


13 '6 19 

13 16 19 


12 15 19 
12 14 17 


11 14 17 
M 14 17 


1013 15 
10 12 15 


912 14 
911 14 




*7 3 ' 35 
26 29 33 


23 26 29 
22 2 5 29 


19 22 24 
18 21 23 


18 20 23 
17 20 22 


17 19 21 
16 18 21 


4116 
4265 4281 
44*5 4440 
4579 


6096 6107 
6201 6112 
6304 6314 
6405- 6415 
6503 6513 

6599 6609 































































































































































